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► Abstract 

and the 

This suggests tZZ^it " T ™"' '™8 cancer (SCLC). 

in»u„i.y sup^e^ es t J^Z ^n^T^'' """"'^ J^^^^^ 
ad»oca.,„„„a cel, line, s«y We«T H n""" T 

cell, and ,he immunity agains, HuD ™w „f ' ™ - ' -ge. 

Plasmid, a teclmique of DNA vaccinlZ ""V""™"^'"" '"j^^ti™ "fa HuD-expressing 

injecied su.cu Je„„,, 1^"::^::^^^^^ T"'^ ""^ ^'^^'^ 

ac..vi,y was investigated by using two dr^,^„ ,o, r ^ 'T^^' ""' 

>. in Which either Colon 26/H„D or Cotn 26 d l P-'ocols: Protocol 

Colon 26/HuD ce„s a,o„e were i^TntlZZr^^l^ * ^">'°-' ^' »«ch 

vaccinated with HuD-expressing plasmid wat Z f ?" "° °''"'™=<' ™ce 

Plasmid-vaccinated mice (86.6 f "1719?!'? ' ™f " control 

107.7 ± ,2.8 versus 156.6 ± 22.8 mm^T< o o\ P T ' " P-'<>col 1; 

spleen cells obtained from HuD-vacci,;aW m,^ ^ 'T" ' r™"'' * """^ '^^'^ "f 

anttbody was found in individual sera o^.^ZZr^T''''^''"^'''''''- " ^""i'-n , anti-HuD 

mouse Hud antigen suppressed HuD-expr "sin. tT """""^f ^^^^^'-^'^^ 

nuu expressing tumor growth in a murine SCLC model. 

► Introduction 
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h^an neuronal RNA-btadi„,p„,e,;„:t~^ 

abnom,al visual .ys.e™ (^v, (3), Pa«e„,s with P^SlTcT r H ' T'" """^""'^ 

response against HnD anligen or its Itoraolo.ous H,, t o ™ '"'""^^ 

*e nude, of tnnrors and neurons of the pe^l^S 

response is characterized by the presence of anrH^l r. '"''""^ ®- 

deposits of anti-Hu innttunoglob'lin (Ig G wi i; Lt^" "™ ""'"^^'"^ ""'^ »^ 

mechanism by which this immunoresponserHu 1 1 ''"'f '2' 2. ii!). The 

However, since HuD is the only „u a^tig^ expr sT^rsCLC? ' 

role ,n tngged„g „ response (5^ " '° "'^^ ^ 

anU-HuD antibodies in sera of patients w^th SCLC i,7^ ' """""'^'y. the presence of 

Approximately ,5./„ of patients who ha^ScSr '° """-r spread. 

m their sera. Most of these pattent. tuntors^^Ii""''' 'T'''" '''' 

Utan 50% of patients who have SCLC without rMut^bod r " """" ^ ™- 

".^gnosis ©. Clinical reports of sponlaneo,,, <!r^r 7 ..Z ^ """^ """'''^«<= ^^^^^ at the time of 

an.«,u.t.b„d.esCH,suggest.hat 

mv::SidiTes:i~™ 

carcnoembryonic antigen (15) or vit^l proteins ,!« Id " P''^™" """"S 

cell-mediated inmtune response. CompH wi h^„ T ^h^its a 

components. DNA vaccination alW e^In oft ^ °f •™orpr„tei„s or viral 
wiftoutanyprocessofprotetnpunrati™ 

The function and distribution of HuD in the m„rin. 

have therefore hypothesized that DNA vaccinal wirnT'" "° """" '° " """-^ ^e 
■mmunity agatnst HuD-expressing tumom"" " P'^"^ will induce a„titun,or 

SCLC cell line, we have used a mud„rade„l" ' "° murine 

antigen as an SCLC tumor modeT „ th s stdy ™'« HuD 
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Construction of the Plasmid 

The full-length sequence (1,158 base pairs [bp]) of mouse HuD antigen 
(mHuD) was amplified by polymerase rhp.n r.^.f 
DNA frON A ^ .Kt • ^ / ^ ^^'^^ "^eaction usmg complentary 
UNA (cDNA) obtained from the brains of BALB/c mice n 7W Ln c t 

restriction sites were added to both ends of th. u n ^ ^' ^ ^""""^ 
fxii • • °^ mHuD sequence bv usinp thf> — — 

. pron,o.er/e,Aa„cer. I, gfl^d l!, I" . '^MV) major i™™ed,a,e/ early 

Which wa. J, t a nesatlXtrPrJp^r:::: r t 

sequence of mHuD in pCMV mHuD wpc • ! ^^'^"'^la. CA). The nucleotide 

idemical with ,h. a..e.^.^e™edTh^rt :r"of n'lT'"'" 

a. .he same s.e, as reponed "^""^ "^'^ "™ "^"^ 

Mice and Cell Lines 

Female 5-wk-oId BALB/c miVp m od-i i. , . 
used .hroughou. ,h. M~;C™ 

mod,fled Eagle's medi™ supplemented with 2 mM L glu^I^lj^; f,' """f"™ 

streptomycin (Life Technoloaie. rno R... m ' .JT,^ P™<:'llm, and 50 ^g/ml 

^% CO, Ua. Mouse ade*:^;„r:: S^h" 2 ^'f-™"' « in 

supptoemed with 10% fetal calfset^m sot^ T 

37°C in 5% CO,. Because SCLC ceirnL fr!m B^' °' 

transfectants (Colon 26/Hum °°' "^'^ 

sulfate (Geneticin; Life Technolo.1:, w f ^ fS'"" "f 0418 

separatelyintwosubcultCnltstrw^ 

26 cells were used in the experimlnr ™° ""^ Colon 

Northern Blot Analysis 

To c 1 t 

of p^mTpCM" trSn ^^^^^^^ °f W - isomer 

incubation, total RNA was ext „'sly ^b^^^^^^^^^^ ' 
electrophoresed in 0.8% agarose gel coining 1 .6 ^ 112 /el "ZT^ 

hybrid■^ed with Fvyi^ZT^nZ T T ""^'^^ 'L>- was 

for 3 h at room LL:^^:^^ Itm^rolMltc'T^' ' 

S im mwuD cDNA, the membrane was stripped and probed 
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as a control (20). 



NIH/3T3 cells transfected with 10 ue of R.,n i -a u 

incubation. Mouse HuD s,able -ran L„, (Cotn 2^^^^^^^^^ ™^ ^""'^ '2 h 

by ireatmen, with U^sin-EDTA and .^M ^^IT^] T"' '"'^ "-^^^ 
cells were lysed wia a solution (150 uToerlo ^""w (PBS). These harvested 

(2S.3S)-trans.epoxysuccinvl i 1 ™ ' 

phenytaethylsu'fonXte ■s":!^^^^^^ ' TT"^' > 

buffer (p„ .4). A«er ce„tnn,S;ro^;?;::7;^::^^^^^^ 

subjected to sodium dodecyl sulfate Dolvac™!,™,^' , ? ' '"'"""I'^^i P™tein was 

polyactylamide gel and transfen-id o™ ^ * electrophoresis (SDS-PAGE) on 7% 

«lon-PSQ; Mi, 3^^"^^^'^ " """r"'' 

Phan„aceutial Co Ltd Tokvn I» \ ^'o^^A'^ (Da-„ippo„ 

Si^a). The imt,a;»ld;ta;or '^r'"'' albuml (K.^ V. 
a.*eDepartn,e„tofNeuroLsy.;:::„ltrver^^^^^^^ 

staining demonstrated that the patient's ser«m rlTl T ' ''"P™'- •"""""oWslochemical 

Westem blot analysis den,o„s,^ted"h t tZa Ln^, f^"' ^""i™. 

lysate of BALB/c mouse brain F^^re hT a" nT^ TT ' "'^ ""^ " 

~e.o„Jugated goa, Jhuman^sl"? g^r, JX"^^^ 

Laboratones, htc, West Grove, PA) for 1 h at l^'r tT I, ' ' ' l™"noResearch 
Wotting system (Amersham htematlonal PLC. Bu*I^I~™'°''«' '"^ ^^L Western 
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.in^ ^^PT^^°° °f mRNA transcript in 

mHuD protein in mouse cells Western hi^f f 

mouse brain lysates ilanefl'I^^^l^'^l^^ „ 

St ^^^^^^^^^^^ 

^^^^^^^^^ 

0^0) senzm from a normal volunteer was used 

SIS T'^'r''^ pCMV.mHuD(4 lane 4 
cells transfected with pCMV.mHuD -)■ Ze 5 
N1H/3T3 cells without transfection; lane 6 HuD s'tfhl^ 
transfectant (Colon 26/HuD) cf-lk- -7 

26 celU. Molecular m'^^l^t^l'S'z^?" 
mdtoates the position of a 41-kD bartd *om Xt^.''™"' 
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IMTT Assay 

Gene„ci„ was omi«ed fron, Colon 26/HuD Thetl " 1 """"" """" ^^"^ »)• 1" "ssay 

wuh 400 Ml of dimethyl sulfoxide. The oXIfdtsi v 7 " -'*"i-d 

Wank (no cell) a. a tes, wavelengft of 57TZ Id a f T""' = 

eell population in each well, ^'^ " "0 The value reflected the viable 

Immunization of Animals 

PlasmidpCMV.mHuD(+)orl'-> 7'i 

5-wlc.o,d female BALB/c micl. Plasntid 1 iLZ', :J IlT':''' ™ '"^'"^ uiarly i„,„ 

-.0,.henDays.and2aalte,.ativelyi„t:X"r:;r::^:;^^^^^^^^^^ 

In Vivo Tumor Models 

To evaluate the feasibilitv nf dma 

two protocols were used. ""^ '° ^"PPross ,„ v,Vo tumor growth. 

sr::e^:r.nr;;r;rft^^^^^^ ^ -'coio„2««^(,.,,.„„ 

pCMV.mHuD(-) a, Day 36 after iniTnizatio^tr ™ ™* pCMV.mHuD(^) or 
perfonrted to evaluate the ^owth of CoTo'sId ^^7^ """'r* ™^ ™ 
*e same animal. After shaving, tumor size w^^ea^^rurT 
w.dth and length. Pinal measuremen, of size ZZtrCiZT ^ " ' 

cr::/H:;:r:o:;~^ 

pCMV.mHuD(-) orinto sham- J^lc Sh m '17r"'°',"'* or 

12 'T"^'- -"-'"f of fi m,tTr;;r ' ^'^ ™S three ttmes at 

26/HuD cells (lot.3) were injected into both flals ! °f Colon 

— of,umorcells..™.s.zewas^cSt:i™^^^^^^^ 

tumor cells. Tissue sections were stled .^7hel , '"T"'"'' °' " ^"^^ "oculation of 
pathologic findings of paraneoplastic n^^!: sXes." " ^™ '» — - 
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Assay of Thymidine Uptake in Spleen Cells 

cells were rinsed and resuspended in RPMI 1 640 m.H, 7 ' ^^^"^^^ ^P'""" 

T w • ^ ^^"^^^^^^dium, sunn emented with 100/ 

(20 Ci/mmol- NEM LTrSciel P 7"'-^^«°"^^d ^^-wel] plates for 24 h. Mated thymidine 

between ,he groups of antaals vaccinated l^pC^ :^^^^^ 'nphca.e. Radioactivity was compared 
of sliam-treated mice. PLMV.mHuD(+) and (-) after subtraction of the value 

ADtimouse HuD Antibody Production 

obtained fro": octaaL 7. T ' " ^'"^ ' """^^ 

positive control, as descZ preWou v f T'""'""' "^"""'^ ^™ - » 

petoxidase-iabeied goat ~ 

Inc.. Binningiram, AL) wa. used for ^-tr- o">m1 ^^^'h^" Btoteclmology Associates, 

peroxida^onjugated goat antih.;:a;;Z G^^gT^^^^^ 

Inc.) for the patient's semn,. The blots w^e incubated^r f h a 7"C 1^7" 
Western blotting system (Amersham). ^' """""P"' ™* ECL 

Data Analysis 

► Results 

In Vitro Expression of Mouse HuD Antigen ~ 

^ Abstract 

Northern blot analysis revealed 3.7-kb messenger RNA CmRM a ^ . Jatroduction 
of mouse HuD antieen in NTH/^t^ messenger KNA (mRNA) transcnpts - MateriaKs and Mefhodg. 

pCMV.mHuD(+) but not in NIH/3T3 cells transfected with plasmid Z 

pCMV.mHuD(-) or NIH/3T3 without transfection (Figi^e f ^3X3 ^ 

cells transfected with pCMVmHnn/'-\ch^, ^ u -^-^^^-^^-^ 

[^^Pl-labeled doublcit^d™ Tht H '" '■^^""-^ «"* ^ 

ed HUD cDNA. Th,s would represent the instability of RNA transcdp,s after 
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patient's serum reacted with a 41-lcD bid i Z flu T """" ""o-^^" our 
lower and higher molecular wlh7h,„^ , ^ ^'''^"^ ^''^ ''""'■er, 

because they were at d lred ° ""^ "°"=Pecific 

transrent .^^^^^17^ TT ' ^^'^^^ '"^ f 

With the same si,eH h J, I I J ..l' ' 'C"'™ ^^/HuD) with pCMV.mHuDt.) reacted 

contrast, no 4,.M> Jd d: ~ ^^^^^^ I"- ^ and ^ ,„ 

sham treatment, or parent Colon 26 ce s F ^r h Z / " d ^ ^^^^■"■«"°( 

can induce transient expression of HuD mRNA ! ' ""^'-''''P'^^^inS plasmid 
ttansfected Colon 2. ce'lls couClrut Z XT 



Suppression of Tumor Growth by DNA Vaccination 



^ZZ:^^,:Z::Z"bZ "T"^' ^'^-'^ PCMV.mHuD« „r O. No death was 
tnoculation of ekr cZz Zd fcZ 2?'":" ' 

vaccination In Protocol 1 suh "r ! "^^ ™ P'*™^ " 36 after 

with that of thepCMVmHX) !^!™ ■ T '"sMy suppressed compared 

Day 19 the size of Colo^™ Seated group 1 1 d after the inoculation of tumor cells (Figure 2). At 

Significant; ir.^^°,X3:r?^^ -"-^^ ^^^i ^ ^« ™ 

other hand, tumor size of Col n^^'ci^v ' ' : ' " ' ^ °" 

was similar to that of pCMV mH„nr P^V^^H-DC+j-vaccnated ammals (3 18.2 ± 78.0 mm^) 

Colon 26/HuD tumor w^^'Jrof oT I."'" ' * ^> O ')- ^" "Vo growth of 

control plasmid (Figure 2T TOs m^M / -t" '™ " "-8>«ve 

that of Colon 26 c rbiu^^T ^ ' t !<T '"""^ '^"^ 

less than to of p^em CotoniSs (S^T^^ 8™""" ^olon 26/HuD was sUghtly 
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Figure 2. Suppression of the growth of HuD-expressing 
cell tumors (Colon 26/HuD) in mice vaccinated with 
HuD-expressing plasmid pCMV.mHuD(+). Tumors were 
established by the injection of 1 x lo^ Colon 26/HuD or 
Colon 26 cells subcutaneously into the right or left flank of 
previously vaccinated BALB/c mice (Protocol 1 in 
Materuls and METHODS). Size of Colon 26/ HuD and 
Colon 26 tumors were calculated at each time point 



AJRCMB Ohwada et ai. 21 (I): 37 



t 5- 


// 


0 


r/ 






os- 


0 - 0 Colon 36 






0 


' ^ ^ S 6 7 6 




Days 



Tin this window] 
fin a new winHn^y] 



^^T^ °f "^0"se HuD-expressine cell. 

S^..m"n^ 26 cells analyze/brMTT a ay 

Col n 26/ HuD or Colon 26 cells were seeded at a denshj^f 

dens y (oS aTs!: ^'-^f ^^^^^^ ^°^>' 0). Optical 

reS £ null T.^S^^^'^^^d from the value at 630 nm 
reiiects the number of viable cells at each time ooint 
ao»* of colon 26/HuD ceUs is slower .hrC. of Colon 



-a„er than ,ha. .n pcL.n^''^7-,t— ^05^ ITT' t ™» 
animals (145.6 ± ,0.2 mm^, p < 0.05 Tumor sTze ir he . "™ ' " ""^ '"' ^"^-treafed 
Similar .0 ,ha, of sham-.ea,ed animals l^^TZ^Z^I """"'^ ™* ''^^^■">H"»<-) was 
using a different lot of Colon 26/HuD cells with„m r^T « suppression was also observed by 

activity Of DNA vaccination wasT™ „ ,1 I 

"""^"'^ "S"™'' lo's (subpopulations) of tumor 
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umors (Colon 26/HuD) m mice vaccinated with mouse HuD- 
expressmgplasmid. Colon 26/HuD cells, I x 10« were 
■niected mto both flanks of ariimals who receivedDNA 
yaccme (Protocol 2). Tumor size was measur^1„ 



8 of 14 



4/15/02 10-45 AM 



AJRCMB - Ohwada et al. 21(1): 37 

and cerebellum (data not shown). 
Thymidine Uptake of Spleen Cells 



Spleen cells were obtained from mice vaccinated with pCMVmHuDm or r . 

and de novo DNA synthesis was evaln.f^H k • u (-) or sham-treated mice, 

tntiated thymidine The ptakT f^^^^^^^^ 26/HuD cells in the presence of 

vaccmatedCith pCMV ^uDm t^^^ — 
o-nedfromanUvaccinl^l^^,^^^^^^ 



Antimouse HuD Antibody Production 



Sera were collected from the animals that received either plasmid pCMV mHuDr+^ or r . f 

sham-treated m ce to detect th^ nr«H.,^f ^ • ^ ■mnnD{+) or ( -) or from 

these mice. Each ZZ^Z^tT": H ^^"^ ^^^^ ^-^^^^ed mto 

Western blot arxalysTrthe run of a , " "'^^^'"^^ ^^^^ ^^j-^^^ to 

detected in all exrned se^aThout"^^^^ pCMV.mHuD(.). a 41-kD band was 

-) or in sham-treTe ^ZfsTZ T ^" "^"^^^ pCMV.mHuD( 
elic^tedanti-HuDanttbodyplS tr^^^^^^^ 



SCifi.^''''"'' •''^'"''■"^ antibody in individual sera 
Obtained from mice immunized with HuD-expressing 
plasniid pCMV.mHuD(+). Lysate of HuD stable 

tm v^v ^^H?" f """^^ electrophoresed in 7% 
hw 1 transferred to a PVDF membrane. Western 

olot analyses were performed with diluted (1 :500) serum 
« from pCMV.mHuD(+)-vaccinated mice'as aTst 
antibody. Lane J, mcubation with serum of the patient with 
PEM as a positive confrol. Arrow indicates a 41-kD band 
corresponding to mHuD; lanes 2-6, incubation with 

micTw r fr^.'" PCMV.mHuD(4-)-vaccinated 

^r^,i Z ^' f ^"''^tion with serum obtained from a 
pCMV.mHuD(-)- vaccinated mouse; lane 8, incubation 
with serum obtained from a sham-treated mouse 
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^ Discussion 



Although the present study shows that vaccination with HuD-expressing 
P a m. suppressed HuD-expressing tumor growth, the immune mechlm 
for the tumor suppression remains obscure. Cytotoxic T-cell killing of 
tumor plays a role in suppressing the tumor growth. However 
anubody-dependent cell-mediated cytotoxicity is also an attraitive , 

Lttm^^^ry^^^^^^ r ;t' ^"^i^;-;^^ 
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(26). 



the expression of HuD™« is increased in human Sr C. , T, v "P""'"" 
an al.ema.ive,yspliced fo™ of., HuD has Zdem^ 13 a " 
H^Dmex (18). We obtained a shor, for™ of ,h t «eled, as seen in 

iden,ica, ,o .3 amino ac.ds .^^Zl Zl'e .^^T 

origmaeed from the RNA of mouse brainTorth? M °f *NA to, 
revealed a 3.«b franscrip., as seen he ra nS)^^^ 1"":™" «™= 

stable u-ansfecants of the HuD aene reve»ll^ T ^' " ^'^^'^ "f (ransient and 

same s.zeas seen in recomb^n, h"™ n?,T" "'^ ^"^'^'-'^'^ ^>-'* band, ahnost the 
human, HuD sequences was Z oTIurize mic^'b """" - 

directed ,o human .ansgene-encoLZt" , r^-'T" ^ '"e i."mune .spouse 

«etm,„b,ch,s..,dent,caU,.eam.„o::id'^^^;:r^^^^^ 

panicular i„,eres, in d,is s-udy^hr jas to uZ """'"^^ " ""^ (22. Iq). Of 

wi,hou, challenge of HuO-exp^essin^Zl!,! r""""""- "ouse HuD gene, wift or 

DNA vaccina,io„ elicits celirrdClTl. ^''T " ""'^ " 

HuD-expressine pfesmid induced de n' T T^' ^^^ination with 

study. However:Lde„eeofe;ltataveM^'" 'r'""^^^ 

HuD-expressingplasmidb oroT^Z^rcZ T'' "^^^ ™* 
question, about the ™ie of anti-H; Zl^° T 'l ^ ' ^"'""'8^ 
in-mune response in the hosTly ntence Znsrf ~ 

ofthe observation that patients wirPE^^SNhl.r "'"™"'''^*^^ 
without neurologic disorder (2). is s^r'^d t^ t thl^": *™ ''^-"'^ 

SCLC is not restricted to the ™ leus buUs ^« . H . "'""^ « 
HuD antigen would be recognizXt ho^lt ™ «5). The surface-expressed 

paraneoplastic syndtome anrarsunn! r ""^^ »f > 

cell-surface exprTssiZfTuD ^^n d H " "^"'^ ^'^ ^CLC Because 

important to increase o ^x^reTs oTof Z aT "''*r'"'~ " ™"'d be 

P«en.ia.ean..,um„r,mmunit;,rhr,r~L~^^'^^ 

enhance the host immune response agamst HuD Th, expression m tumor cells or 

Of themechanisms„fPB^»L. Ex~r;, — ^^^^^^^^^^^^ 
.nm,„n,ty was a favorable prognostic .ndicator for patients w a SCLC (26 t ' 

=rr:re„trs~^='^^^^^^^^ 

Po---mo,eeulefor:;Im— 
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► Footnotes 

aghv^Mmmc±mmdo^ ^"'^y^-k"' Tokyo, 1 13-8421 Japan. E-mail: 

(Received in original form Novemhpr 7^ loos^ ^- ■ , . 

J isovember 25, 1998 and in revised form January 20, 1 999) 

.t::sz,r:tr™: ^^'^^-r ^^^^ -^f--. ^^^^ 

^ r4 ^ H u "messenger RNA, mRNA- 

electrophoresis, SDS-PAGE. ' polyacrylamide gel 

grateful to Dr. S. Dep^l^^^^^^^^^^^^ ^ ^ "^"^ '"^^^'^'^ ^™^y- -*ors are 
patient with PEM. ' of Neurology, Juntendo University, for supplying the serum of the 
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^^^T^X: ^'-^^ -e being 

veo.0. encoding me.ano^l^t.^'''"'"^^ "'"°™» (^^> 
DCs, which were then testi T,T u ^ " ""^ '° "^"'^ 

protective immuni^ B * : ' '° ^^^^l^r^^^^ 

.ransduced with Ad vectoC ^ °f C57Bi;^~;-;;;^^ 

Of a-iOO-specmc CTLs capable oH^ZZ^cZZTT''''"' '""'^ 

BI6 cells expressing endogenous murine ^00^ ? """""'^^ w,th Ad2/hugplOO, as well as 

r - P™'«io„ agains, lethal s cla le^gVC^rr/'f 'r"^'''"''' -o™-" 

effective ,mmu„i,y agains, a murine melanoma eTI ' ™ *° '° i-^uce 

transduced with Ad vector encoding the 2 The i f ' f'""^-"''''"' P"«ein-2, using DCs 

Oh .he dose of DCs and re,u,red CD 4' T cell ach v t ^ ''"•'^^ *P«dent 

vector-iransduced DCs was no, impaireLw 2,^;^""^^^ ^d 

.mmune s,a,„s of the general human popula," WDc T "T""""'^ '° 

protecnon agains, estabUshed BI6 tumor cells aTdl vk ""'"™'^'"i'>" also afforded partial 
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Th ,de„„f,cat,o„ of <umor-associaled Ags (TAA.)! recognized by CTL a. 
well as ,he c,o„,„g of genes encoding TAAs. has imp™vr.he prosit fo! 
™er ™„,„notherapy (Refs. 2. 3, 4 and reviewed in Ref 5) OnTb s s 
Of ,h,s know edge, several invesUgaeors have focused on the d-eliv^ry of 
TAA-denved pr„,e,ns/pep.ides or TAA genes to professional APCs in — 
pa«.culardendn«ccens(DCs),.oe,ici...„„„e responses capah?o;Uca.^^;^ 

ac"2:rcir::Sst^^^^^^^ 

models have shown that DCs pulsed with . f '^'^^""^ '"'<™=<1 "several animal 
..surfaceoftumorcelJlc^roflrr 

from tumor challenge and in some in,t»n.,= " ''^ specihc CTL response resultmg in protection 

type of approach h^ also b en'el ™ w ° (2- ^ U, 12). The same 

=. al. have reported that four B d I vlbZ results. For example, Hsu 

tumor-speciffc Id prote n aj deve^r T ' T "^"^ P^'^^" 

wr„n^rprt:erXa2"^:-r:^^^^^ 

reported that melanoma patients treated with ^T^ 7 ° " ^1- 

CTL peptide epitopes dev op^ cd ^Itd i ™* '^^'^ " > °f 

patterns evaluated (J4). ^="™''««<' >™.ty wtth objective climcal responses in 5 of 16 

^:;^:t:dirfDcTjrT:!r'''T 

pepdde-pulsing. First;lZrolfL^;rTtf 7^^^ """^ ~ 

specific CTL epitopes wi hin the prollce i^lorfr™^^ 

CTL and, possibly, helper epitopes in t e ex. f Z os :'mHC f "Tr'""™ 

within DCs provides the cell with a renewable suppirof a' f^ '^'^ ""P''^^'"" 

pulse of peptide(s), which eventually decays froX ° ,U f "T"""'""' ""'"'^'^ ' ^'"^'^ 

of genetically modified DCs shows L^Z^Z^lt . ' -^S-presenting activity 

Roberts, and C. Nico.ette, manuscrip'^Cp ~ ' ^ 

vtrally mediated gene transfer , 5 ,^1^1^ T """^'"""^ P-ipi«ation. and 

others have fo Jadeno^J fd', to bt^ htlrer T". ""^ '""^ « »^ 

DCs (15, n. m 12, 20). ' ^P'-'X'ucible method of gene transfer into 

It has been reported that immunization of mice wilt, nr-.. a a ■ 

A. (e.g.. OVA and B-galactosidase (0 g aoT^ve" '^c^^^^^ " 

V 5 ''''"^^^^^'P^'^'fic CTL response and provides protective 
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and/or therapeutic immunity against tumor cells Stably expressm ig, ,9 20) In this 

udy, we mvestigated the ability of Ad vector-transduced DCs to induce protectee i^Zi^^l^s^ 
endogenous tumor Ags, as opposed to foreign model Ags introduced exogenously. 

The B16 melanoma tumor model was used as a test system to evaluate and characterize the immunizing 
activity o DCs transduced with Ad vectors encoding melanoma-associated Ags (MAAs) The B16 ' 

rtlTrulST 'TT' ''''' - tyrosinase-related 

protem(lRP)-l,TRP-2,andmelanomaAg recognized byTcells 1 (MART-l)(2i 22 23) 
Accordingly, DCs derived from murine bone marrow were transduced with Ad vector enToding the 

toXTa err" "'"^^ """"^ ""^'^ ^-t^d thel ability 

to induce a CTL response and provide immunity agamst BI6 melanoma tumor cells. The impact of 

Ad, on the development of antitumor immunity was investigated. 

► Materials and Methods 

Animals and cell lines 
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Female wt C57BL/6 mice and C57BL/6 CD4 knockout (KO) mice were 
purcliased from Taconic (Germantown, NY) and were used at 8-12 wk of 
age. Syngeneic SV40-transfoimed fibroblasts (SVB6KHA) have been 
descnbed elsewhere (24) and were a gift from Dr. Linda Gooding (Emory 

.57BL6-denv«i „M lymphoma cell line were both purchased from the American T™ Culture 
Conect,o„(ATCC Manassas, VA). The B16.F10 melanoma eel, line syngeneic to C^BulTc. was 
obm,ned fron, ,he Nafonal Cancer htstimte (Bethesda. MD). For injection, B16.F10 cells (1 5^2 xT ^ 
cells) w«e resnspended m PBS and delivered to the abdomen s.c. in a 100-^1 volume. Turner size wl 
m^ured wrth electronic digrtal calipers three times per week, starting atol day .0. tZL W 
m size were scored as positive. umurs-jmm 



Adenoviral vectors 



d^l JTn ,' ^'/T ™" "'""^ ^^^'Jl'^ 2, from which the El region was 

~T^::1 TT'"" ~« ^ ™^ — «™8 expLion f the 

ana b4 regions (25, 2fi). A second version of Ad2/hugpl00 (Ad2/hugpl00v2) as well as the 
vec ors encoding enhanced green fluorescent protein {Ad2/EGFP) J murine^lOO (Ad'ClOO) r 
ector lacking a transgene (Ad2/EV,, possessed an intact E3 region with an E4?egion modZly 
remova of an open reading frames and replacement with the E4 open reading fra^e 6 Jprotein IX 

contained an intact E4 region but was deleted for E3. The E2 region was left intact in all vectors. 
Adenoviral particles were gradient purified as previously described (27), and titeis were delemined by 
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end-point dilution on 293 cells using FITC-conjugated anti-hexon Ab (28). 
Preparation of bone marrow-derived DCs 

l^snuZ711>^Z hT™" " ^' <22) Bnefly, bone .arrow 

ys.s buffer (Sigma St.Louis, MO). Bone marrow cells were then treated with a mixture of Abs 

clone RA3-6B2), Ly.60/Gr-1 {clone RB6-8C5), and la (clone KH74), followed by rabbit complement 
O^ccurateChemtcal and Scientific, Westbury, NY) ,o deplete lymphocytes, p^utocytes andT' cdl^ 
We retnarmng cells were cultured for 6 days in six-well plates in RPm" laiLedium U e 
Technologtes, Grand Island, NY), supplemented with 100 U/ml penicillin, 100 ug/ml streptomycin 2 
mM g ut™,„e, 10% FCS. and 100 ng/ml recombmant mouse GM-CSF (GenzylrCam rirZ 

^ toJd f r FACS T "/^""'^^''^S Thts final DC population was then 

collected for FACS analysis and transduction with Ad vector 

For analysis of surface makers. DCs were first incubated with unlabeled Abs (PharMingen) specific for 

(CW4 o^ X^^^^ clone IGlO ^d B7.2 (CD86; clone GL-1), the adhesion molecule Ic1m-1 

S 242) ^he 2 '"^ ^"f^^^ CDI3 (clone 

FACS ana? J"' «"* HTC-conjugated Abs specific for the primary Ab 

FA« a^alysrs of the statned cells was perfonned on an EPICS Profile Analyzer from CouheXo 

volume of RPMI 1640 medium contaming 10% FCS and 100 ng/ml GM-CSF Virus was added to 
wells at a multiplicity of infection (MOO of 500, and dte DCs wl collected ateTs^h of 

de tri^:r IT""" ^^'" ^-'■^^ — ^ >00-,l IZIf PBS and 
aenverea either s.c. to the abdomen or i.v. into the tail vein as specified in the text. 

Mixed lymphocyte reaction and Ag-specific proliferation 

rTo^' 1 n?', nt*""' '° " "^"^ """"'^■^ °f "O"'' marrow-derived CS7BL/6 DCs 

0 ,103, 10^) were used to s«mula,e2x 10' allogeneic BALB/cTlymphocytes isolated femspLn 

1 s by passage through a commercial T cell purification column (R&D Systems Minleapoi™ C 
Untransduced DCs, as well as Ad2/EGFP-transduced DCs were tested for MI R ITT , ' 
Ag-specific proliferation, 2 x iC column-purified ,R*D s'Z^p^e t-le C^ 

AT^oT;,r2rgar:i;r=?^^^^ 

— ttom^-wllplatesr^^^^^^^^^ 

CO and pulsed with . ^Ci/well pH,thymidine (New England Nuclear, Boston, MA) for *riast 18 h tf 
incubation. Cells were then hai^ested onto glass fiber filters with a 96-well plate cell harvester fSkatmn 
bstniments, Sterling, VA), and cell-ass^iated radioactivity was measured ^y^^^ZZ^'" 
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(LS6800 Scintillation Counter from Beckman, Fullerton, CA). 
Cytotoxic T cell assay 

To evaluate levels of CTL activity, spleen cells from mice in the same treatment group (three 
™ce/group) were pooled and stimulated in vitro with syngeneic SVB6KHA fibroblasts transduced with 
Ad2 vector at an MOI of 100 for 24 h. Cells were cultured in 24-well plates contaimng 5 x 10^ spleen 
cells and 0.8-1 .5 x 10^ stimulator fibroblasts per well m a 2-ml volume. Cytolytic activity was assayed 

u lt'' ''''' '^^''^'^'^ ofBie melanoma cells, EL4 lymphoma cells, YAC 

cells (NK cell target), and fibroblasts, untransduced or transduced with virus at an MOI of 100 for 48 h 
Targets were treated with 100 U/ml recombinant mouse IFN-T (Genzyme) for 24 h (except for YAC ' 
cells), labeled with ^iCr (51-Cr; New England Nuclear) overnight (30 .Ci/lO^ cells) and plated in 
round-bottom 96-well plates at 5 x 10^ cells/well. Effector cells were added at various E:T cell ratios in 
tnphcate In specified instances, effector cells were incubated with a 50-fold excess of unlabeled "cold" 
nm rf ! f , of ^icr-labeled target cells to inhibit nonspecific lysis by NK cells 

(30). The total reaction volume was kept constant at 200 ^1/well. After 5 h of incubation of effector and 
target cells at 3ra5% CO,, 25 ^ of cell-free supernatant was collected from each well and counted in 
a MicroBeta Trilux Liquid Scintillation Counter (Wallac, Gaithersburg, MD). The amount of ^iCr 
spontaneously released was obtained by incubating target cells in medium alone. Spontaneous release 

r '^^''"^ "'^^^ '""''^ °f '^Cr incorporated was determined by 

adding 1 /o Tnton X-100 in distilled water, and the percentage lysis was calculated as follows- % lysis = 
L(sample cpm - spontaneous cpm)/(total cpm - spontaneous cpm)] x 100. 

Enzyme-linked immunospot assay 

The presence of gplOO-specific effector cells in immunized mice was also assessed in an enzyme-linked 
™ospot (ELISPOT) assay (31). Briefly, spleen cells from mice immunized with DCs fraTduced 
with Ad2/hugplOO or Ad2/EV were stimulated with either a known MHC class I-restricted CTL peptide 
epitope from hugplOO (Ref 32 ; hUgpl0023_33-KVPRNQDWLX the homologous epitope from mg^lOO 
(mgpl0025_33-EGSRNQDWL), or an iirelevant H-2''-binding CTL epitope from OVA (Ref 17 ; 
O^A257-264-SnNFEKL). The peptides were synthesized by Quality Controlled Biochemicals 
(Hopkinton, MA) and were >90«/o pure by reverse phase HPLC. Peptide-stimulated spleen cells, as well 
as unstimulated spleen cells, were plated in the wells of 96-well nitrocellulose filter plates (2 5-5 x 10^ 
cells m 1 00 ^1) coated with rat anti-mouse IFN-T capture Ab (clone RJVIMG-1 from Biosource 
International, Camarillo, CA) and were incubated for -48 h at 37°C/5% CO,. The cells were then 
removed by washing with PBS, and the presence of IFN-T produced by spleen cells was detected by the 
addition of biotinylated rat anti-mouse IFN-T (clone XMG1.2 from PharMingen), followed by alkahne 
phosphatase-conjugated streptavidin (Kirkegaard & Peny Laboratories, Gaithersburg, MD). The number 
of stained spots corresponding to IFN-T-producing cells was enumerated under a dissecting microscope. 
Preimmunization with wt adenovirus 

To generate a cohort of mice with preexisting immunity against Ad, animals were instilled intranasally 
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With 109 infectious units (i.u.) of wt Ad2, followed by a second instillation with lO^ i u 14 days later 
Eyebleeds were collected 1 day before the administration of DCs, and serum titers of Ad-specific Abs 
were assessed by ELISA. Serial 2-fold dilutions of serum were added to the wells of 96-well plates 
coated with heat-inactivated Ad2. Bound virus-specific Abs were detected by the addition of 
HRP-conjugated goat anti-mouse IgG, IgM, and IgA (Cappel, Durham, NC). The titer was defined as the 
reciprocal of the highest dilution of serum that produced an OD^^q < 0.1. 
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DCs derived from mouse bone marrow exhibited the veiled dendrite 
morphology typical of DCs (Fig. IS) and displayed a characteristic set of DC 
surface markers (33) as determined by FACS analysis (Table The cells 
expressed high levels of the MHC class I and class II molecules, the costimulatory molecules B7 1 and 
B7.2, the ICAM-I adhesion molecule, the integrin CDl Ic and the CD13 myeloid surface marker 
Exposure of DCs to recombinant Ad2-based vector at a MOI of 500 reproducibly resulted in a 
transduction efficiency of 90% or greater as determined by the percentage of DCs exhibiting 
Huorescence following transduction with Ad vector encoding EGFP (Ad2/EGFP). Transduction did not 
affect the distribution of DC surface markers significantly except for a reproducible increase in levels of 
MHC class I molecules (Table E). 




FIGURE 1. Morphology of bone marrow-derived DCs 
(x200 magnification). 
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Bone marrow-derived DCs were functionally active m vitro, as mdicated by their ability to induce 
prohferation of allogeneic T lymphocytes in a mixed lymphocyte reaction. This stimulatory activity was 
not impaired by transduction with Ad vector (Fig. 7SB4). Moreover, DCs transduced with Ad vectors 
encoding vanous transgenes were found to induce proliferation of naive syngeneic T lymphocytes, most 
hkeb' due to processing and presentation of transgene products and/or Ad proteins by the DCs (Fig 
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FIGURE 2. hi vitro assessment of the functional activity of 
bone marrow-derived DCs. ^. In a mixed lymphocyte 
reaction, increasing numbers of DCs derived from C57BL/6 
bone marrow (1 x lO^-l x 10^ DCs) were used to stimulate 2 
X 10^ allogeneic BALB/c T lymphocytes. Untransduced 
DCs, as well as DCs transduced with Ad vector encoding 
green fluorescent protein (Ad2/EGFP), were tested. The 
levels of prohferation induced were measured by tritiated 
thymidine incorporation after 5 days of culture. Results 
shown represent the mean cpm of triplicate wells ± SEM. 
The background prohferation of untransduced DCs and 
Ad2/EGFP-transduced DCs incubated alone was highest 
with 1 x 10"* DCs, with cpm values of 2867 ± 681 and 3392 
± 367 cpm, respectively. Results from one representative 
experiment are shown. A decrease in the levels of 
prohferation induced by the highest concentration of 
untransduced DCs (1 x 10^) was observed in two of three 
experiments, and the reason for this phenomenon is unclear. 
B. To assess primary Ag-specific prohferation, naive 
C57BL/6 T lymphocytes (2 x lOWll) were incubated with 
syngeneic untransduced DCs or with DCs transduced with 
wt Ad2 or Ad2 vectors expressing various transgenes (10"* 
DCs/well). Proliferation levels were assessed after 5 days of 
culture. Background proliferation of transduced DCs 
incubated alone was as follows: wt Ad2 5004 ± 42- 
Ad2/EGFP, 1198 ± 293; Ad2/i3-gal-4, 3059 ± 11 37- 
Ad2/mTRP-2, 920 ± 208; and untransduced DCs, 2867 ± 
681 cpm. The induction of Ag-specific proliferation by 
transduced DCs was observed in three of three separate 
experiments. 
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After confirmmg the functionality of DCs in vitro, their abihty to induce a CTL response against an 
MAA was evaluated in vivo. DCs were transduced with an Ad vector encoding hugplOO 
(Ad2/hugpl00vl), a differentiation Ag that is expressed by most melanomas but is also present m 
normal melanocytes and pigmented cells of the retina. Ad2/hugpl00vl -transduced DCs (5 x 10^) were 
administered i.v. to C57BL/6 mice, and, 1 5 days later, spleens were collected for assessment of CTL 

T.'T "'''''"^ ^'^h ^ "^g^tive control or with the 

Ad2/hugpl00vl vector itself for comparison. The vector was delivered under conditions previously 
determined to be optimal for immunization (3 x 1 0^ i.u., intradermally (i.d.)). 

After in vitro restimulation with syngeneic fibroblasts transduced with Ad2/hugpl00vl effector 
splenocytes were tested for cytolytic activity against ^^Cr-labeled target fibroblasts that were either 
un transduced or transduced with Ad2/hugpl00vl or wt E3-deleted Ad (Ad2A2.9). The CTLs were also 

/BL/6 mice that expresses the murine equivalent of hugplOO. 

! rf K, f •'"^"'^^ ''"^loP^" "igh levels of CTL activiw against 
lllT^^H- T •"'—"Sly. «.= bulk of .he CTL respfn : 

appeared to be d,rec ed agams. fte hugplOO transgene produc. rather than adenoviral pro,ein(s) sLe 

S,„fe, 1 nSW^n ""'"^ 'y Wan e. al. (20) and 

Gong et al. OS), fo lowtng tmrnumzation of mice with DCs transduced with Ad vector encoding the 
polyoma middle T Ag or the DF3/MUC1 tumor-associated Ag, respectively 
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FIGURE 3. Induction of CTL activity following 
immunization with Ad2/hugpl00vl vector or 
Ad2/hugpl00vl-transduced DCs. Spleens from groups of 
tlu-ee animals were collected 15 days after i.v. administration 
of vehicle {A), Ad2/hugpl00vl -transduced DCs (B) or i d 
dehvery of Ad2/hugpl00vl vector (Q. Pooled spleen cells 
from each group were restimulated in vitro with syngeneic 
SVB6KHA fibroblasts fransduced with Ad2/hugpl00vl and 
were tested for cytolytic activity after 6 days of culture 
Targets consisted of B16 cells and SVB6KHA fibroblasts 
untransduced or transduced with Ad2/hugpl00vl or wt Ad2 
deleted for E3 (S VB6KHA-Ad2A2.9). SD for mean percent 
lysis values was below 15%. Similar results were obtained in 
three separate studies. 
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^v s oTt , " Ad2/hngpl00vl vector itself, developed robust bu, comparatively lower 
levels of CTL ac .vtty agams. Ad2/hugpl00vl-,ra„sduced fibroblasts. Furthermore, in contrast to the 
response obtamed w,.h transduced DCs, a s.^incant proportion of the CTL response appear^ be 
spectflo for Ad Ag, as md.cated by the greater level of lysis of f,b,.blas.s infected with E3-deleted wt Ad 
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(Fig. 3aO. Importantly, CTLs from mice immunized with transduced DCs and, to a lesser extent with 

'° ''''^^^ ^hat the CTLs mduced by immunization 

with Ad2/hugpl00 also recognized the endogenous mouse gplOO expressed by the tumor cells (Fig 3E1 
B and Q. A similar cross-reactivity between the human and murine Ag was observed by Overwijk et al 
following immunization of C57BL/6 mice with recombinant vaccinia virus encoding hugplOO (32). 

All ELISPOT assay was used to confirm the presence of CTLs specific for gplOO since CTLs against 
culture medium components could potentially be present that may participate in the in vitro lysis of B16 
cells. In these studies, mice were immunized with DCs transduced with Ad2/hugpl00v2 or Ad2/EV as a 
negative control, and spleen cells were stimulated in vitro with peptide coiresponding to either a known 
H-2 -binding CTL epitope from hugplOO (32), the homologous sequence from mgplOO (32), or a known 
H-2 -binding CTL epitope from OVA as a negative control (17). The number of class I-restricted CTLs 
that produced IFN-7 upon specific peptide recognition was measured after 48 h. Results shown in Fig 4 
U confirm the presence of CTLs specific for hugplOO peptide in mice immunized with 
Ad2/hugpl00v2-transduced DCs and demonstrate the extensive cross-reactivity between the human and 
munne epitope. As expected, spleen cells from mice that received DCs transduced with Ad2/EV show 
httle or no reactivity against gplOO peptides, and neither group of mice shows any significant reactivity 
against the negative control OVA peptide. 
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FIGURE 4. Specificity and cross-reactivity of effector cells 
induced by Ad2/hugpl00v2-transduced DCs. Spleen cells 
from mice immunized with DCs transduced with 
Ad2/hugpl00v2 or Ad2/EV were tested in an ELISPOT 
assay. The number of IFN-T-producing cells was counted 
after 48 h of stimulation with an MHC class I-restricted CTL 
peptide epitope from hugplOO (open bars), the homologous 
epitope from mgplOO (filled4»ars), or an irrelevant 
H-2''-binding CTL epitope from OVA (slashed bars). 
Results shown are the mean number of IFN-7-producing 
spleen cells ± SEM of triplicate wells after subtracting the 
background values obtained with spleen cells incubated 
alone. < 0.005, and < 0.025, compared with 
OVA-stimulated spleen cells by Student's / test. 



Further investigation was conducted regarding the route of DC administration. As shown in Fig 50. 
mice immunized with Ad2/hugpl00vl -transduced DCs delivered s.c. or i.v developed similar levels of 
CTL activity against B16 melanoma cells with comparatively little lysis of syngeneic gpIOO-negative 
EL4 lymphoma cells. Significant lysis of the YAC NK cell target was also observed. However NK cells 

'Tu Tl ZT '"'""'^^ "^^'^ ^^"^ ^^"^^ ^^g^t inhibition with an excess of 

unlabeled YAC cells successfiiUy prevented lysis of labeled YAC cells without significantly affecting 
specific lysis of B16 cells. These results indicate that the s.c. and i.v. routes of immunization with 
fransduced DCs elicit equivalent levels of CTL activity against B16 tumor cells 



9 of 21 



e JI -- Kaplan et al: 163 (2): 699 



hup://www.j,mmunol.org/cg,/content/ful...= 163&firstpage=699&joumalcode=j 




View larger version (29K). 
fin this window] 
Fin a new window] 



FIGURE 5. Induction of CTL activity by transduced DCs 
delivered via the s.c. or i.v. route. Spleens from groups of 
three mice were collected 16 days after the s.c. (A and B) or 
i.v. (C and D) delivery of Ad2/hugpl00vl -transduced DCs. 
Pooled spleen cells from each group were restimulated in 
vitro with syngeneic SVB6KHA fibroblasts transduced with 
Ad2/hugpl00vl and were tested for cytolytic activity after 6 
days of culture. Target cells consisted of ^'Cr-labeled YAC 
cells (NK cell target), C57BL/6-derived EL4 lymphoma 
cells, and B16 melanoma cells incubated with effector CTLs 
m the presence (B and D) or absence (A and Q of excess 
unlabeled "cold" YAC cells. SD for mean percent lysis 
values was below 15%. 



ADtitumor protection elicited by preimn.uniza.ion with Ad2/i.ugpl00-transduced DCs 

The ability „fAd2/hugpl00v,-,ra„sduced DCs ,o induce effector CTLs capable of lysing BI6 tumor 
fitu ",T zation may also provide antitumor protection in vivo. This was 

Adl/hugpIOOvl-transduccd DCs and challenged 15 days later with a lethal s.c. injecfon of 2 x lO" B16 

derioneL^r "T" T°' ^"""^ """^^"^ ""transduced DCs 

developed rap.dly growmg tumors leading to death of the animals within 30 days (Fig S3, In contrast 

m,ce pretmmunized with transduced DCs showed significant resistance to tumor ^otm „d ol oTe of 
five anmtaU developed a tumor with delayed kinetics. To test for the presence of Lun^logi^" ' 

XLorX."TT*" ' """" ^'^ ^ft^' *e first BI6 

r^l n I u """" 1'^='™"™^"' <'^i<'C^i DCs remained mmor-free upon 

^atoge. mdtcafng that a smgle administration of DCs was suffic.ent to induce long-tetn, ant^iumor 
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FIGURE 6. Induction of long-term antitumor protection by 
Ad2/hugpl00vl -transduced DCs. Groups of five C57BL/6 
mice were injected i.v. with vehicle (A), 5x10^ 
untransduced DCs (B), or 5 x 1 0^ 
Ad2/hugpl00vl-transduced DCs (O. The animals were 
challenged 15 days later with a s.c. injection of 2 x 10"* B16 
melanoma cells. Results shown depict tumor growth in 
individual animals over time. All animals that were still 
tumor-free 50 days after B16 challenge received a second 
injection of B16 cells to test for immunological memory 
Results are representative of six separate studies using five 
to eight mice per group. 



Factors involved in the effectiveness of immunization with Ad vector-transduced DCs 
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Nature of the Ag. 

The Ad2/hugpl00vl vector expresses .he hugplOO Ag, which, upon presentation by DCs. was found to 
ehct a protecnve tmmune response against murine B16 melanoma cells. To detennine whether 
tmraumzanon against a homologous murine MAA would be as eiTactive in inducng protective antitumor 
mtmuntty m,ce were preimmunized i.v. with DCs transduced with Ad vectors encoding the mu^ne 
MAAs «,I00 (Ad2/mgplOO) or tyrosinase-related protein 2 (Ad2/mTRP-2). Protectton ftom BTtumor 

r tlToO T7' H H '^n"' ""■P""' Immunization Z 

Ad^ua,100vl-transducedDCs. or untransduced DCs as a negative contml. As observed previously 

m : "'"'^''"''^ DCs developed rapidly growing tumors whereas mice preimmu^L 
w,th Ad2/^ua,I00vl-.ransduced DCs showed resistance to tumor challenge so that only 1 of7v 
mtce developed tumors (Fig. mi). In contmst, four of five mice treated with DCs transduced with Ad 
vector encodtng the munne homologue of gplOO showed progressive tumor growth, indicating that 

Ovetwtjk et al., who reported that recombinant vaccinia virus encoding murine gplOO was 

ZZZTJ:^''T''1 '° ™y "ave been 

attnbuted to the dtfBculty m breaking immunological tolerance against a self Ag as opposed to the 

DO d Hh"" ^™ ='8™^' "-TRP-Z with Ad2/mTRP-2-transduced 
DCs dtddcvelop a protective tmmune response against BI6 cells, and five of five mice remained 
tonor-free (Ftg. HM). This result indicates that it is in fact possible to generate an effective immune 
«ponse agatnst a mmor self Ag, bu, that not all tumor-associated self Ags can he expected to be equally 
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FIGURE 7. Factors involved in the effectiveness of 
immunization with Ad vector-transduced DCs. A Nature of 
the Ag: groups of five C57BL/6 mice were injected i.v. with 
5x10 DCs that were either untransduced or transduced 
with Ad2/hugpl00vl, Ad2/mgpl00, or Ad2/mTRP-2 vector 
The animals were challenged 15 days later with a s.c. 
injection of 2 x 10^ B16 melanoma cells. B. Involvement of 
CD4+ T cells: groups of eight wt or 10 CD4 KO C57BL/6 
mice were immunized s.c. with 5 x 10^ DCs transduced with 
Ad2/mTRP-2, or Ad2/EV as a negative control. The animals 
were challenged 14 days later with a s.c. injection of 2 x lO'' 
B16 melanoma cells. Q Dose dependence: groups of eight 
C57BL/6 mice were immunized s.c. with increasing doses (5 
X 103-5 X 106) of Ad2/mTRP-2-transduced DCs. One group 
received vehicle as a negative control. Animals were 
challenged with 2 x 10^ B16 cells s.c. 15 and 64 days later 
All results are shown as the percentage of tumor-fi-ee mice in 
each group over time. 

Involvement of CD4* cells. 

Overwijk et al. attributed the nonimmunogenicity of mgplOO to the low affinity of a mapped 
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H-2Db-restricted CTL epitope in the murine compared with the human Ag (32). However, whereas much 
attention has been focused on the induction of tumor-specific CD8+ CTLs, results shown in Fig TBS 
underscore the additional importance of CD4+ T cells, and consequently class H-restricted epitopes in 
the development of an optimal antitumor response, hi the experiment shown, wt and CD4 KO C57BL/6 
mice were immunized in parallel with Ad2/mTRP-2-transduced DCs and challenged withB16 cells 14 
days later. As observed above, preimmunization of wt mice with Ad2/mTRP-2-transduced DCs offered 
lOOo/o protection from B16 challenge (eight of eight mice tumor-free). In contrast, only three often CD4 
KO mice were able to inhibit tumor growth, indicating that, despite the presence of CDS"^ cells, the 
development of antitumor immunity was severely impaired in these animals (Fig. 7B8). 
Dose dependence. 

The level of antitumor protection achieved by preimmunization with Ad-transduced DCs was also found 
to be dependent on the dose of DCs administered. As shown in Fig. TEC, maximal 100% protection 
from B16 challenge was achieved with s.c. administration of 5 X 10^ Ad2/mTRP-2-infected DCs with 
an observed decrease in levels of antitumor protection as the dose was reduced to 5 x 10^ and 5 x' 10^ 
transduced DCs. Increasing the dose to 5 x 10^ DCs did not provide any additional benefit but also failed 
to induce any discernible toxicity. 

Immunization with Ad vector-transduced DCs in Ad-immune mice 

Most individuals in the general population have been preexposed to wt Ad and are expected to possess 
some level of preexisting immunity against Ad. To mimic the expected clinical situation and evaluate the 
impact of Ad immunity on the activity of Ad-transduced DCs, mice were preimmunized intranasals 
with wt virus until they developed high titers of Ad-specific Abs (Fig. 8ED and, as documented 
previously, virus-specific CTLs (34). Ad-immune and naive mice were then immunized s c with 5 x 1 0^ 
Ad2/mTRP-2-transduced DCs and were challenged 15 days later with B16 tumor cells. As shown in Fig 
m naive and Ad-immune mice developed comparable levels of tumor protection with twelve of twelve 
and ten of twelve tumor-free mice, respectively. Similar results were also obtained with 
Ad2/hugpl00vl-transduced DCs delivered via the i.v. route of immunization (not shown). As expected 
negative confrol animals, which received DCs transduced with Ad2/EV lacking a fransgene, developed ' 
tumors whether the mice were naive (zero of eight tumor-free) or preimmunized against Ad (one of eight 
tumor-free). These results suggest that immunization with Ad vector-transduced DCs is unlikely to be 
impaired significantly in individuals previously exposed to Ad. 
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FIGURE 8. Immunization with Ad vector-transduced DCs 
in animals with preexisting immunity against Ad. Groups of 
12 naive or 12 Ad-immune mice were immunized s.c. with 5 
X 10^ Ad2/mTRP-2-transduced DCs. In parallel, groups of 8 
naive or 8 Ad-immune mice received the same number of 
DCs transduced with Ad2/EV as a negative control. The 
ELISA titers of Ad-specific Abs present in immune serum 
collected the day before DC immunization ranged from 
12,800 to 51,200. All mice were challenged s.c. with 2 x 10"* 
B16 cells 15 days after administration of DCs. The kinetics 
of tumor growth are depicted for each individual animal. 



Active treatment of established B16 tumor cells with Ad vector-transduced DCs 

Up to l OOo/o protection against a lethal challenge of B16 tumor cells was achieved by preimmunization 
with DCs transduced with Ad vector-expressing MAAs. To extend these findings to a more clinically 
relevant model. Ad-transduced DCs were also tested in an active treatment setting. In the study shown in 
Fig. 9(34, mice received a lethal s.c injection of B16 tumor cells, which were allowed to establish 
themselves for 4 days before treatment with Ad-transduced DCs. As expected, negative control animals 
that were untreated or treated with Ad2/EV-transduced DCs were unable to control tumor growth Mice 
treated with Ad2/hugpl00vl -transduced DCs, which provided significant antitumor protection in a 
preimmunization setting, showed httle or no protection from tumor growth (one of five tumor-free) in an 
active freatment setting. Treatment with Ad2/mTRP-2-transduced DCs, which provided 100% protection 
m a pretreatment setting, gave rise to partial antitumor protection with three of five mice remaining 
tumor-free. Therefore, an overall reduction in efficacy was seen in the more stringent active freatment 
model, which requires rapid mobilization of an immune response against aggressive tumor cell growth 
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FIGURE 9. A. Active treatment of estabhshed B16 tumor 
cells with Ad vector-transduced DCs. Twenty C57BL/6 
mice were injected s.c. with 1.5 x lO'^ B16 cells on day 0. 
Four days later, the animals were divided randomly into 
groups of five and were treated s.c. with 5x10^ DCs that 
were untransduced or transduced with Ad2/EV, 
Ad2/hugpl00vl, or Ad2/mTRP-2 vector. Results shown 
represent the percentage of tumor-free mice in each group 
over time. Note that several animals had akeady developed 
tumors when tumor measurement was initiated on day 16 
Results are representative of six separate studies using five 
to eight mice per group. B, Active treatment of established 
B16 tumor cells using transduced DCs presenting two vs one 
MAA. Forty-six C57BL/6 mice were injected s.c. with 2 x 
10^ B16 cells on day 0. Four days later, the animals were 
divided randomly into six groups, which were treated with a 
s.c. injection of 5 x 10^ DCs ti-ansduced with either Ad2/EV 
(•), Ad2/hugpl00v2 (■) or Ad2/mTRP-2 (a). Two groups 
received a mixture of DCs transduced separately with 
Ad2/hugpl00v2 or Ad2/mTRP-2 in the amount of 2.5 x 10^ 
(♦) or 5 x 10^ (O) of each DC population. An additional 
group was treated with vehicle (□) as a negative control All 
groups contained eight animals, except for the vehicle 
conb-ol group, which was limited to six mice. Results are 
presented as the mean tumor size over time. Similar resuhs 
were obtamed in two separate stiidies. 

As a first strategy to improve the efficacy of active treatinent with Ad-ti-ansduced DCs mice were 
immumzed against two MAAs simuhaneously in an attempt to potentiate the immune response and/or 
minimize escape of tumor cell variants expressing low or nonexistent levels of a given target Ag As 
shown in Fig^ ^, combination therapy with a mixture of two DC populations transduced with 
Ad2^ugpl00v2 or Ad2/mTRP-2 did in fact result in enhanced inhibition of tumor growth, compared 
with administration of either DC population alone. 



► Discussion 



Results fi-om this study support the concept of cancer immunotherapy using 
DCs transduced with Ad vectors encoding TAAs. Bone marrow-derived DCs 
transduced with Ad vector were found to retain their phenotype as 
determined by FACS analysis (Table IE). Transduced DCs were also 
functionally active in vitro as assessed in a standard mixed lymphocyte 

reaction and as demonstrated by their ability to induce primaiy Ag-specific v^^^^^^^^^^^^^^^T 
lymphocytes (Fig. 1^. In vivo testing of Ad2/hugpl00v I -transduced DCs demonstrated therabiHtTto 
induce a specific CTL response following i.v or s.c. deliveiy. The appearance of CTLs specific fo ^ToO 
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tamunization with DCs transduced w„h Ad vectors encoding murine MAAs (mgplOO mTRP 2) as 
tolerance and mduce effecfve ,mmun,ty against a melanoma self Ag using a DC-based anoroach 
f P'""''^^ """P'^'^ P'o'^'ion from B16 tumor challenr 

play an mportant role. Although the murine TRP-2 Ag is known to contain^ H.2K Wt^ CTL 
ep..ope (22). the impaired ability of CD4 KO mtce to develop ptotective imntunity foltowt 
_a..on w«h Ad2/mTRP-2-t^duced DCs (Fig. H» underscores the involv me7of CD4- T 
cells ajtd suggests that presentation of MHC class n-restricted ep.topes, either by t^LsIc d D& or 

phase of the tmmune response remains to be detemtined, but the lack of class n e^prcssi^byB e Zl 
Zfnltrir 7- (""•^"own,, suggests that CD4^ T lymphocytes^! ly o 
tadv cll n "^P"-"" 'S^'or cells agatnst the 

snouta mcorporate the inclus.on of class H-restricted epitopes in addition to class I-restricted CTT, 
epitopes, a crttenon likely Mfilled by delivery of a complete TAA gene to DCs. 

^t:^:^fX^Z'"^7T, h" ■'Cs was found to be dose dependent. A 

J^^TZllZu T t "^"^"^ ™' '° P'O^O^ ^ "^-fi* ""pared with 

ach.ere°s:SrSvrwr:x2^;;r-'-=''^^^^ 

.o.nauceanOVA.spec,cc\^^^^^^^^ 

™;i„«r:irDrb"r"'"""^""'"^^^ 

Ad iJmule mte mTt ? ™mun,zat,on, but Ad-specific CTLs, which are also presem in 
Ad tmmune mtce (M), have the potenttal to destroy Ad-transduced DCs. Even though the "half-life" of 
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«-a„sduced DC adm.mslered ,o Ad-,mmu„= .nice was no, deten„,„ed ,„ this study, ,he observed 
development of anftumor protection in these animals indicates that the transduced DCs were present 
long enough to induce effective immunity against tumor cells. The observation that Ad 

rr product 
Ags by AdA-AA-transduced DCs may provide some level of protection from lysis by Ad-spccific CTU. 

B16 sx^tumor cells. The level of anftumor protection achieved was reduced, compared with that 
obtamed ,n a pretmmunization model. Nevertheless, a stngle injection of Ad2/mTRP-2-tra„sduced DCs 
resulted m complete tnhtbition of tumor growth in an average of three of five mice (Fig. 934) Several 
approaches are betng considered to improve this outcome further. For example, simultan^s 
.mmun,^at■on agatns. two MAAs, as opposed to a single Ag, was tested as a means to potentiate the 
■nm,uue response ^d prevent the escape of tumor vatiants that may expt^ss insumc.ent levels fa target 
Ag for recognttton by CTLs. The results obtained support the validity of this type of approach since 
adm.„,strat,„„ of a mixture of DCs tr^sduced separately with Ad vector encolg huLlOr'rZne 
add-r'" '^^^'-f -"^""^'nh'bition, compared with eifl,er Depopulation atone 
(F.g. 9iaS) In addthon, prehmtnary results suggest that the therapeutic efficacy of Ad vector-tran^uced 
DCs can also be erOianced bymultiple administradons of DCs (40% increase in day 40 su^ival^h 
three doses compared with a stngle dose) or by coadministration of low dose IL-2 (not shown) In 
agreetnent wtth the latter observation, Shimtzu et al. (35) have reported recently that low dose 1^2 

sZ^modr""' ^ "-"ri- 

Overall, the data obtained in this study provide supporting evidence for the concept of melanoma 
umnunotherapy based on the adntinistration of DCs transduced with Ad vectors encoding uZ Thts 

rexp^ioroJ r : 'T""° """"" "-^'"^"'^ "^^^ '"^ allow for 

?M Tr H n """^ ■"0"'"=^'- ^"""-l i» the presence of 

GM-CSF and Q6, 27). The DCs obtained can be effectively transduced with Ad vector and cZ 

i ZlTr. rt TrT """^ '°- ShanicarrR^oll, 

withte . ? • P"""^'™)- The- observations, in con unction 

wnh the protecttve antttumor activity elicited by transduced DCs in the B16 melanoma model suggLt 
hat — atton of mel^a patients with autologous DCs tt^sduced with Ad vector exp elstar 
human MAAs may provide a therapeutic benefit. expressing 
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2 Abbreviations used in this paper: TAA, tumor-associated Ag; DC, dendritic cell; fl-gal 
6-galactosidase; EGFP, enhanced green fluorescent protein; wt, wild type; TRP, t>Tosina'se-related 
protein; mTRP, munne TRP; EV, empty vector; hugplOO, human gplOO melanoma Ag; mgplOO murine 
gplOO melanoma Ag; KO, knockout; Ad, adenovirus; MAA, melanoma-associated Ag- MOI ' 
multiplicity of infection; ELISPOT, enzyme-hnked immunospot; i.u., infectious unit; i.d., intmdermal. □ 
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The development of protective immunity against many intracellular bacterial 
pathogens commonly requires sublethal infection with viable fonns of the 
bactena. Such infection results in the in vivo activation of specific 
cell-mediated immune responses, and both CD4+ and CD8+ T lymphocytes 
may function in the induction of this protective immunity. In rodent models — 
of expenmental infection with Listeria monocytogenes, the expression of prot^^ii^T^;;;;;^^ 
mediated solely bv the immnnf- rns+ ^^n u . ^ . ^^^^nyv uiunumiy can be 

cells is the JIZT . r . "^^J^^t^'-g^t Ag of ZL/.fma-immune CD8^ T 

cells IS the secreted bactenal hemolysin, Hsteriolysin 0 (LLC), hi an attempt to generate a subunit 

viable L. monocytogenes, demonstrating that this experimental approach may have direct applfcaZn in 
prevention of acute disease caused by intracellular bacterial pathogens. 

► Introduction 
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The vaccination of experimental animals with plasmid DNA containing 
genes encoding unique proteins has proven effective in generating both 
humoral and cellular Ag-specific immune responses. Immunization of 
various species (ranging from mice to non-human primates) with unique 
plasmid DNA constructs encoding foreign proteins has resulted in immune 
responses to Ags derived from a variety of infectious agents, including influenza (1, 2, 3. 4 ^THIvTr" 

t f ''P'''''' ^ "^'^^'^ ^' I7),"and m;cobact;ria 

(18 1^). Such irnmumzation also has proven effective in inducmg protective immunity in several animal 
models of viral disease (i, 3, 10, U, 20, 21). as well as in the induction of specific antitumor immune 
responses (22, 23, 24, 25) and in the down-regulation of the expression of experimental autoimmune 
encephalomyelitis (26). Collectively, these observations suggest the potential application of this unique 
methodology to vaccine development and as a means to enhance tumor-specific cellular immunity and 
control autoimmune responses. 

The generation of efficacious vaccines against many intracellular bacterial pathogens has proven 
problematic, as induction of protective immunity is evident only following recovery from sublethal 
infection with many microbial pathogens. Historically, experimental infection of mice with Listeria 
monocytogenes has evolved as the prototypic model for characterizing protective immunity to 
intracellular bacterial pathogens. Preliminary studies in this disease model have demonstrated that 
expression of protective immunity is dependent on Ag-specific T lymphocytes, which function via 
soluble mediators to enhance the bactericidal activity of phagocytic cells (22, 28). While 004"^ immune 
T cells play a cntical role in the development of this immune response, the expression of protective 
immumty can be mediated solely by CDS^ immune T lymphocytes (29, 30, 31). One of the prominent 
Ags recognized by these CDS^ T cells is the secreted L. monocytogenes hemolysin, Usteriolysin O 

.A . ; ^^""^ ^ ^''^^'^^ ^^"'^""^^ this bacterial pathogen (32 33 

ii, i5 36). Expenmental studies with inbred BALB/c mice have revealed that a H2-Kd-restricted 
LLO-denved peptide, designated LLO^i,^^, a target of immune CD8+ T cells that are induced 
following sublethal infection with L. monocytogenes (31, 37). These CDS"^ T cells exhibit in vitro 
cytotoxicity against both LLO,,_,,.pulsed target cells and £«.m«-infected phagocytic cell monolayers. 

and also provide in vivo protection following systemic challenge with this pathogen (31 38 39) In 
addition, other L monocytogenes Ags (including the p60 and metalloprotease proteins) also can serve as 
a source of H2-K -restncted peptide epitopes recognized by CD8+ immune CTL recovered from 
immunized BALB/c mice (36, 38, 39, 40, 41, 42, 43). 

To determine whether genetic immunization would be effective in the acute disease model of 
expenmental munne listeriosis, we immunized BALB/c mice with eukaryotic plasmid DNA expression 
vectors contaming either the wild type or modified fonns ofhly, the gene encoding LLO. Following a 
senes of intramuscular immunizations, the in vivo stimulafion of LLO^j.^^-specific CDS"^ CTL was 
evaluated by in vitro cytotoxicity assays, and the development of protective immunity was assessed 
following lethal challenge with L. monocytogenes. Results of these studies demonstrated that genetic 
immunization of BALB/c mice with plasmid DNA constructs encoding the wild-type LLO molecule 
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• induced low levels of CTL in vivo, but little or no specific immunity. In contrast, immunization of mice 
with another plasmid DNA construct, encoding a recombinant LLO molecule containing both a 
substituted mammalian signal peptide sequence and a mutation resulting in reduced hemolytic activity of 
LLO, optimally induced LLO^j g^-specific CTL activity and provided protective immunity against 
subsequent challenge with L. monocytogenes. These results demonstrate that genetic immunization with 
a specifically designed plasmid DNA construct can mimic the Ag-specific immune CTL response 
observed following sublethal infection with this pathogen. More importantly, these findings suggest that 
this unique immunization methodology can provide effective protection against an acute bacterial 
disease. 



► Materials and Methods 
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L monocytogenes 10403 serotype 1 was originally obtained fi-om the 
American Type Culture Collection (ATCC, Manassas, VA). Virulence has 
been maintained by repeated passage in BALB/c mice, and the LD5Q for 
these inbred mice is 1 x lO'^ CFU (36). The generation and characterization of the L028-W492A mutant 
strain of Z. monocytogenes (kindly provided by Dr. Pascale Cossart, Pasteur Institute, Paris, France) has 
been described previously (44). Broth cultures of bacteria were established using brain heart infusion 
(BHI) medium (Difco, Detroit, MI). 

Plasmid DNA constructs 

The full-length hly gene was PCR amplified from L. monocytogenes DNA template using gene-specific 
sense (5'-CCCATGAAAAAAATAATGCTAGTTTT-3') and antisense 

(5'-CAATTATTCGATTGGATTATCTACTTT-3') oligonucleotide primers. The PCR product was 
cloned into the pCR3 plasmid vector (Invitrogen, Carlsbad, CA) and transformed into competent 
Escherichia coli TOPIOF' cells according to the manufacturer's instructions. Transforaiants bearing 
plasmids containing the complete hly gene in both forward (pLL06) and reverse (pLLOll) orientations, 
relative to the strong CMV intermediate-early promoter sequence (PCMV), contained in this plasmid 
vector, were identified by restriction endonuclease analysis. The mutant hly gene construct (encoding a 
tryptophan to alanine change at amino acid position 492 of LLO) was PCR amplified from DNA 
template derived fi-om the L028-W492A mutant strain of I. monocytogenes and cloned into the pCR3.1 
plasmid vector (Livitrogen) and analyzed as described above, hly gene sequences of all of the plasmid 
constructs were further confirmed by automated sequence analysis using a DNA Dye Terminator cycle 
sequencing kit (Applied Biosystems, Foster City, CA). 

Chimeric genes containing the signal peptide sequence derived fi-om the gene encoding the murine tissue 
plasminogen activator protein (tPA) (45) fiised to hly were constructed by PCR as follows. Truncated hly 
wild-type and W492A mutant genes (lacking the bacterial signal peptide sequence) were PCR amplified 
using a 5a/wHI-containing sense oligonucleotide 
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• (5'-TCTGGATCCGATGCATCTGCATTCAATAAAG-3') and the hly antisense primer. The PGR 
products were cloned into pGEM-T plasmid vector (Promega, Madison, WI) and transformed into 
competent E. coli JM109 cells. The signal sequence from the tPA gene was PGR amplified from the 
pTAM2.5-a plasmid (ATCC 63042) using sense (5'-ATGAAGAGAGAGCTGCTGTGTGTACTGC-3') 
and 5awHI-containing antisense (5'-TCTGGATCCTCTTCTGAACCTCCCATGTATT-3') 
oligonucleotide primers. The tPA signal sequence fragment and the truncated hly gene fragments were 
separately generated using Bammi Sphl dxgesWon and ligated (Rapid DNA Ligation Kit, Boehringer 
Mannheim, hidianapolis, IN) to form chimeric gene templates. The chimeric genes were subsequently 
PGR amplified using the tPA gene sense and hly antisense primers and cloned into PCR3.1 plasmid 
vector. Following transformation into TOPIOF' cells, plasmids containing the chimeric genes in forward 
and reverse orientations, relative to the PCMV sequence, were identified by restriction endonuclease 
digestion and confirmed by automated DNA sequence analysis. All plasmid constructs were maintained 
in the E. coli transformants under ampicillin selection, and large-scale concentrated preparations 
(3.0-8.5 mg/ml) of these constructs were generated using Plasmid Giga Kits (Qiagen, Ghatsworth, GA) 
according to the manufacturer's instructions. 

Mice and immunizations 

Four- to 5-wk-old female BALB/cBkl and BALB/cJ mice were purchased from B&K Universal 
(Freemont, CA) and The Jackson Laboratory (Bar Harbor, ME), respectively. Mice were provided 
unrestricted access to food and water. For active immunization with viable L. monocytogenes, 6- to 
8-wk-old mice received i.v. injections with 0.05^.10 LDjq (~ 300-1000 GFU) in 0.2 ml of PBS. For 
immunization with the plasmid constructs, 6-to 8-wk-old mice received the first of a series of three i.m. 
immunizations (via the tibialis anterior muscles) at 3- to 4-wk intervals with - 100-125 ^g of plasmid 
DNA in 50 ^1 of normal saline. Normal control mice received either no immunization or were 
immunized with either 0.2 ml of PBS (i.v.) or 50 \i\ of saline (i.m.). 

Cell lines and syntlietic peptide reagents 

The J774 macrophage/monocyte cell line was maintained in antibiotic-free DMEM (Life Technologies, 
Grand Island, NY) supplemented with nonessential amino acids (Life Technologies) and 5% FBS 
(Tissue Gulture Biologicals, Tulare, CA). The H2-K'l-transfected RMAS cell line (RMAS-K''; originally 
obtained from Dr. Mike Bevan, University of Washington, Seattle, WA) was maintained in 
antibiotic-free RPMI (Life Technologies) supplemented with 10% FBS and 400 ^g/ml Geneticin (Life 
Technologies). The peptides designated hhO^^_^^ (GYKDGNEYI) and V^^iM-ilS (KYGVSVQDI) 
were synthesized at the Portland Veterans Affairs Medical Center with an Applied Biosystems Synergy 
apparatus using standard Fmoc chemistry. These peptides represent the major epitopes from the L. 
monocytogenes LLC and p60 proteins, respectively, recognized by protective CD8+ T lymphocytes 
derived from Lw^ma-immunized BALB/c mice (40, 41). 

Activation of CTL and adoptive transfer of cells 

Spleen cells obtained from normal mice, L/ster/a-immunized mice (at 3-8 wk following sublethal 
infection), or plasmid DNA-immunized mice (at 22-38 days following the final i.m. injection) were 
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' cocultured with peptide-pulsed, irradiated naive spleen cells (as stimulator cells). These stimulator cells 
were irradiated (3,000 rad from a ^^''ctsmm source) and pulsed with either LLOgj^g^ or ^60^^^ for 
1-2 h at room temperature (1 x 10^ cells/ml, 5 x lO'^ M peptide in RPMI 1640 medium supplemented 
with 2% FBS). The stimulator cells were washed once then cocultured at 37°C with the donor spleen cell 
populations (from immunized mice) for 6 days. The cells were cocultured at 5 x 10^ total cells per ml (at 
a donor to stimulator cell ratio of 1 : 1) in RPMI 1640 medium supplemented with 10% FBS and 23 8 
mM sodium bicarbonate, 25 mM HEPES, 1 mM sodium pyruvate, 50 2-ME, 100 U/ml penicillin, 
100 ^ig/ml streptomycin sulfate (all Sigma, St. Louis, MO), and 30 U/ml recombinant human IL-2 
(Tecin, Biological Response Modifiers Program, National Cancer Institute, Frederick, MD). Following 
culture, cells were washed twice with RPMI 1640 medium (without antibiotic), then used for adoptive 
transfer studies or in vitro cytotoxicity assays. In adoptive transfer experiments, groups of three to four 
mice served as recipients for each effector cell population, and each mouse was infused (via the lateral 
tail vem) with 3 x 10^ viable cells in 0.2 ml of RPMI 1640 medium. 

In vitro assays of cytotoxic activity 

Target cells for the chromium release cytotoxicity assays consisted of chromium labeled, peptide-pulsed 
RMAS-K cells. Approximately 5 x 10^ RMAS-K^ target cells were labeled with 250 ^iCi of Na^lCrO^ 
(NEN Life Science Products, Boston, MA) for 60 min, washed twice, and then pulsed with a lO'^ M 
concentration of LLOpi,^^ or p60^^^_^^^ for 60 min. The peptide pulsed targets were added in 100 ^1 
volumes to 96-well round-bottom microtiter plates at 1 x 10^ cells/well, and effector cells were added in 
a 100 ^l volume at the indicated E:T ratios. Following a 4-h incubation at 37°C, 150 ^1 of supernatant 
from each well was collected, relative radioactivity (cpm) determined (Micromedic gamma r^ounter 1^^^ 
Micromedic Systems, Huntsville, AL), and the percent lysis calculated as: 100 x (experimental cpm - 
spontaneous cpm)/(total cpm - spontaneous cpm). Data reported represent means of triplicate wells 
Total release was determined following lysis of target cells with 5% Triton X-100 (Bio-Rad, Redmond 
CA), and spontaneous release was less than 7% for all experiments. 

Target cells for the CFU reduction cytotoxicity assays consisted of Z/ster/a-infected J774 cell 
monolayers. J774 cells were deposited at 1-2 x 10^ cells/well in 24-well tissue-culture plates in 1 0 ml 
antibiotic-free DMEM with 5% FBS, cultured overnight, and then infected with L. monocytogenes 
(obtained from a log phase broth culture) at a multiplicity of infection of 2-5. After 60 min, the infected 
cell monolayers were washed once with sterile PBS, then covered with 0.5 ml of warm (37°C) DMEM 
supplemented with 5% FBS and 40 ^ig/ml gentamicin sulfate. Culture-stimulated effector cells were 
added (at indicated E:T ratios) in 0.5 ml of warm (37°C) DMEM with 5% FBS at 3-4 h after infection of 
the J774 monolayers. Assays were terminated 4-5 h later, and the number of intracellular bacteria 
remaming in each well was determined by hypotonic lysis of the J774 cell monolayers with 1 0 ml sterile 
distilled water, senal dilution of monolayer lysates from each well in PBS, and plating the dilutions on 
BHI agar (Difco). Following overnight culture at 37°C, the number of bacterial CFU per individual wells 
was determmed Data provided represent means of triplicate wells, and are calculated as follows: percent 
CFU reduction - [1 - (CFU in target cell monolayers incubated with effector cells)/(mean CFU in target 
cell monolayers incubated without effector cells)] x 100. For all experiments, the number of bacteria 
recovered from wells of Listeria-mkci^d 111 A cells cultured in the absence of effector cell populations 
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• ranged from 6.64 to 7.48 logj^ CFU. 
In vivo assay of immune protection 

Levels of in vivo protection expressed by immunized mice were determined as previously described (30 
46). Bnefly, groups of normal or immunized BALB/c mice received an i.v. injection with ^ 2 LD^^ ' 
(~ 20,000 CFU) of I. monocytogenes in 0.2 ml of PBS, either simultaneous to infusion of 
culture-stimulated effector cell populations or at 3-4 wk following the final immunization with plasmid 
DNA. Control groups consisted of normal (nonimmunized) mice and mice previously immunized (4-12 
wk earher) with a sublethal injection of viable L. monocytogenes. Two days following bactenal 
^hal lenge, spleens were removed from individual mice and homogenized in PBS, and serial dilutions (in 
PBS) of the homogenates were plated out on BHI agar. Following overnight culture at 37°C CFU per 
spleen of individual mice were calculated and the mean level of protection for each group determined 
Protection was indicated by reduced numbers of CFU in spleens of immunized mice, and calculated as- 
log protection = (log,^ CFU/spIeen of test mice) - (mean log^^ CFU/spleen of nomial control group). ' 

Statistics 



Analyses of the mean (±SEM) determinations for the chromium release and CFU reduction cytotoxicity 
assays and for the immune protection assays were performed by ANOVA (Tukey test) using the Instat 
biostatistical computer program (GraphPad, San Diego, CA). 



► Results 

Immunization of mice with plasmid DNA encoding LLO 
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Our imtial attempts to induce LLO-specific immunity involved immunization 
of mice with a plasmid DNA construct containing the hly gene encoding the 
wild-type form of LLO. Mice were injected with this plasmid construct three 

times at 3-4 wk intervals. At 4 wk after the final injection, spleen cells " 

obtained from these immunized mice were cocultured with irradiated, LLO^j.^^-pulsed syngeneic spleen 
cells obtained from naive donors (as stimulator cells), then used as effector cells in chromium release or 
CFU reduction cytotoxicity assays. As a positive control, spleen cells obtained from other mice at 5 wk 
following sublethal infection with L. monocytogenes were cocultured with this same stimulator cell 
population. 

Results of the chromium release assays demonstrated that low, but significant (p < 0.05) levels of 
LL09i_99-specific cytotoxicity could be detected following culture stimulation of splemc lymphoid cells 
obtained from pLL06-immunized mice or Listena-immumzcd mice (Fig. 1B4). In contrast, similar 
culture stimulation of lymphoid cells obtained from mice immunized with the parent plasmid lacking the 
hly gene (pCR3) or a plasmid DNA construct containing the hly gene in the reverse orientation 
(pLLOl 1) did not stimulate LLO^j.^.-specific CTL. In addition, none of these effector cell populations 
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• expressed any specific cytotoxic activity against target cells pulsed with the heterologous peptide 
P602i7_225 (F'g- lE^)- 



FIGURE 1. Effector CTL derived from mice immunized with 
plasmid DNA containing the hly gene exhibit cytotoxic activity 
against LLO^^ ^^-pulsed target cells. Mice were immunized i.m. 
three times with either saline, the pCR3 parent plasmid lacking the 
hly gene, or the plasmid constructs containing hly in the forward 
(pLL06) or reverse (pLLOl 1) orientation (relative to the PCMV 
sequence), respectively. Spleen cells were obtained from mice at 28 
days following the final saline or plasmid DNA immunization or 
from Listeria-immmvQ mice at 35 days following sublethal 
infection, cocultured with LL09j_99-pulsed stimulator cells, then 
used as effector cells (at the indicated E:T cell ratios) against 
View larger version (22K): chromium labeled RMAS-K^ cells pulsed with either the LLOo. oo 
fin this windowl /t^x , • 

rin a new window] ^^^2M-115 (B) synthetic peptides. 
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These same effector cell populations derived from the plasmid DNA- or Z/s/ma-immunized mice also 
were assessed for the ability to specifically recognize J774 cell monolayers infected with L. 
monocy togenes. This assay is performed by brief infection of the H2'^ J774 phagocytic cell line with the 
bacteria followed by coculture with BALB/c-derived cytotoxic effector cell populations (32, 36, 47). As 
observed m the chromium release cytotoxicity assays, low, but significant {p < 0.05), levels of cytotoxic 
activity could be observed following coculture of the infected J774 cell monolayers with 
culture-stimulated spleen cells derived from mice immunized with the pLL06 plasmid or with viable L. 
monocytogenes, but not with the pCR3 or pLLOl 1 control plasmids (Fig. 2l±D. 
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FIGURE 2. CTL derived from mice immunized with 
plasmid DNA containing the hly gene recognize 
Listeria-micciQ& target cells. Culture-stimulated spleen cells 
obtained from plasmid DNA- or £fcrma-immunized mice 
(as described in Fig. IE) were used as effector cell 
populations (at indicated E:T cell ratios) against 
L/5rma-infected J774 cell monolayers. CTL recognition of 
Listeria-mfQciQd target cells is indicated by reduced CFU 
recovered from individual wells of the infected cell 
monolayers (see Materials and Methods for details). The 
mean (±SEM) logj^ CFU observed in wells of 

£/5^^ria-infected J774 cells cultured in the absence of 

effector cell populations was 7.01 (±0.04). 



Protective immunity observed following plasmid immunization of mice 
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The data described above demonstrate that genetic immunization with the pLL06 plasmid can prime 
LLOpj.pg-specific cytotoxic cells in vivo. To determine whether these cells could mediate in vivo 
protection, effector CTL derived from either plasmid DNA- or Iw^ena-immunized mice were evaluated 
for their capacity to adoptively transfer protection to naive recipients, as determined by subsequent i.v. 
challenge of these cell recipients with L monocytogenes. 

In three of four experiments conducted, effector CTL derived from mice immunized with the plasmid 
DNA construct (pLL06) containing the hly gene in the forward orientation could adoptively transfer low, 
but rarely significant, levels of protection to naive mice (Fig. 3(±H). CTL derived from 
Listeria-imnrnmzcA mice consistently provided greater, and significant (p < 0.05), levels of protection 
following cell transfer (Fig. 3S4). Adoptive transfer of similar cell populations derived from mice 
immunized with the parent plasmid (pCR3) or the plasmid construct containing the hly gene in the 
reverse orientation (pLLOll) did not provide any protection. Interestingly, the levels of active immunity 
expressed in mice immunized with either pLL06 or the control plasmids (pCR3 and pLLOl 1) were 
relatively undetectable (Fig. 3HS), especially as compared with the level of immunity expressed by mice 
sublethally infected with L. monocytogenes at 6 wk before bacterial challenge. 




View larger version (2 IK): 
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FIGURE 3. Expression of adoptive and active immunity following 
immunization of mice with culture-stimulated effector cells, 
plasmid DNA, or viable L. monocytogenes. A, Spleen cells derived 
from mice immunized with plasmid DNA or viable Listeria were 
stimulated in culture (as described in Fig. 10) and then infused into 
normal BALB/c mice. Simultaneous to cell transfer, recipient mice 
and normal confrols received an i.v. challenge withZ. 
monocytogenes. B, At 34 days following the final saline or plasmid 
DNA immunization, or at 41 days 'following sublethal infection 
with Z,. monocytogenes, immunized mice and normal controls 
received an i.v. challenge vAth L. monocytogenes. At 2 days 
following Z. monocytogenes challenge, the number of CFU per 
spleen of individual mice was determined. Data shown (log 
protection) represent the difference in mean log,Q CFU recovered 
from spleens of normal control mice (6.69 ± 0.06) and the logjQ 
CFU recovered from spleens of individual mice either infused with 
the effector cell populations (A) or immunized with saline, plasmid 
DNA or viable L. monocytogenes (B). 



Generation of plasmid constructs encoding mutant and/or cliimeric forms of the hly gene 

The apparent failure to induce active immunity in experimental mice vaccinated with the plasmid DNA 
construct encoding LLO could be influenced by one or more factors, including 1) the inability of this 
vaccination methodology to induce adequate protection against a rapidly replicating, antigenically 
complex bacterial pathogen; 2) the suboptimal in vivo expression of the hly gene product, LLO, 
following plasmid DNA immunization; and 3) the potential toxicity of LLO for host APC following in 
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• VIVO expression of this recombinant hemolysin. Therefore, additional plasmid constructs containing 
mutant or modified My genes were generated (see Table 151) for testing in this experimental disease 
model. One of these plasmid constructs (p492A) contained the hly gene cloned from the L028-W492A 
mutant strain of I. monocytogenes, in which a dinucleotide base pair mutation results in an amino acid 
change (from tryptophan to alanine) in the cholesterol binding region (amino acid position 492) of the 
LLO molecule (44). This mutant form of the LLO product exhibits a 100- to 1000-fold reduction in 
hemolytic activity relative to wild-type LLO (Ref 44 , and data not shown), and thus in vivo expression 
of this recombinant LLO molecule should be less toxic to the APC. Plasmid DNA constructs encoding 
chimeric hly genes also were generated by substituting the signal sequence derived from the gene 
encoding the tPA for the bacterial signal sequence of the wild-type and 492A mutant hly genes, then 
subcloning these chimeric genes into the pCR3 plasmid vector. Additional plasmid constructs containing 
these modified genes in the reverse orientations (see Table were developed and used as 
immunization controls. 



View this table: Table L Description of plasmid DNA constructs 
[in this window] 
[in a new window] 



Immunization of mice with plasmid constructs encoding mutant and/or chimeric forms of the hlv 



gene 



Mice were immunized i.m. three times with the modified plasmid constructs at 3- to 4-wk intervals, and 
at 21-34 days following the last immunization spleen cells fi-om donor mice were stimulated in vitro 
with irradiated, LL09j_99-pulsed syngeneic stimulator cells. Following culture, the effector cell 
populations were evaluated for cytotoxic activity against peptide-pulsed target cells or against 
Lwrma-infected J774 cell monolayers. Data fi-om these experiments demonstrated that effector CTL 
obtained fi-om mice immunized with either the plasmid construct encoding the 492A mutant form of 
LLO (p492A) or the plasmid construct encoding the chimeric LLO molecule with the tPA signal 
sequence substitution (pTpaLL06) exhibited enhanced cytotoxic activity relative to effector CTL 
derived fi-om mice immunized with the plasmid construct encoding the wild-type hly gene (pLL06) 
(Figs. 43 and 5). Furthermore, effector CTL derived fi-om mice immunized with the chimeric, mutant hly 
gene plasmid construct (pTpa492A) consistently exhibited the greatest cytotoxic activity, in some 
instances exceeding the cytotoxic activity observed using effector CTL derived fi-om iL/sterm-immunized 
mice (Fig. 50). 
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FIGURE 4, CTL derived from mice immunized with plasmid 
DNA containing the mutant or chimeric forms of the hly gene 
exhibit cytotoxic activity against LL09j_99-pulsed target cells. 
Mice v^ere immunized with plasmid DNA constructs containing 
either the wild-type hly gene (pLL06), the W492A mutant hly gene 
(p492A), the wild-type hly gene in reverse orientation with respect 
to the PCMV promoter sequence (pLLOl 1), the wild-type hly gene 
with the substituted murine tPA signal sequence (pTpaLL06), or 
the W492A mutant hly gene with the substituted murine tPA signal 
sequence (pTpa492A). Spleen cells obtained from mice at 31 days 
following the final plasmid DNA immunization or at 38 days 
following sublethal infection with L. monocytogenes were 
stimulated in culture, then used as effector cell populations (at 
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FIGURE 5. CTL derived from mice immunized with 
plasmid DNA constructs containing mutant or chimeric hly 
genes recognize Z-wter/a-infected target cells. Effector CTL 
derived from plasmid DNA or Lw/mo-immunized mice (as 
described in Fig. 4[±]) were tested for cytotoxic activity 
against Listeria-infected J774 cell monolayers. Cytotoxic 
activity (percent CFU reduction) was determined as 
indicated in Fig. 2H The mean (±SEM) logj^ CFU observed 
in wells of Zwfma-infected J774 cells cultured in the 
absence of effector cell populations was 6.83 (±0.09). 



The effector CTL populations derived from donor mice immunized with these improved plasmid 
constructs were fiirther evaluated as to their ability to adoptively transfer protection to naive syngeneic 
recipients. In each of four experiments, recipients of effector CTL derived from mice immunized with 
the plasmid DNA constructs containing the mutant or chimeric hly genes consistently demonstrated 
protection against L. monocytogenes challenge (Fig. 6[±H). Furthermore, in three of four of these 
experiments, effector CTL derived from mice immunized with the pTpa492A plasmid (encoding the 
492A mutant LLO with the substituted tPA signal sequence) provided optimal adoptive protection to 
naive recipients (Fig. ^). In contrast, similarly culture-stimulated spleen cells derived from mice 
immunized with the various control plasmid constructs (pCR3, pLLOll, p492Aj^, pTpaLLOl 1, or 
pTpa492Aj^) never resulted in effector cell populations exhibiting specific cytotoxicity as measured in 
vitro or in vivo (Figs. 4H 5[H and 61B4; other data not shown). 
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FIGURE 6. Expression of adoptive and active immunity following 
immunization of mice with the mutant or chimeric hly plasmid 
DNA constructs. A, CTL populations derived from mice 
immunized with plasmid DNA or Z. monocytogenes (as described 
in Fig. 4a) were infused into normal BALB/c mice. Simultaneous 
to cell transfer, recipient mice and normal control mice received an 
i.v. challenge with L. monocytogenes, and 2 days later the number 
of CFU per spleen of individual mice was determined. 5, At 37 
days following final immunization with plasmid DNA or at 44 days 
following sublethal infection withZ. monocytogenes, immunized 
mice received an i.v. challenge with L. monocytogenes, and 2 days 

View larger version f26KV P^'" 'P^^^" of individual mice was 

fin this wind ow! determmed. Data shown (log protection) represent the difference in 
Fin a new window] recovered from spleens of normal control mice 

(6.69 ± 0.06) and the logj^ CFU recovered from individual spleens 
of adoptively or actively immunized mice. 




To assess levels of active immunity following vaccination with the improved plasmid DNA constructs, 
additional groups of mice were challenged with viable L. monocytogenes at 33-39 days following the ' 
last plasmid DNA immunization. Resuhs of these experiments demonstrated that only mice immunized 
with the pTpa492A plasmid construct (encoding the 492A mutant LLO with the substituted tPA signal 
sequence) exhibited significant levels (p < 0.05) of active immunity against bacterial challenge (Fig. 
^). hi contrast, mice immunized with the p492A plasmid (encoding the mutant LLO) or the 
pTpaLL06 plasmid (encoding wild-type LLO with the substituted tPA signal sequence) exhibited either 
little (nonsignificant) or no protection against a lethal challenge with L. monocytogenes. Mice 
immunized with the pLLOll, p492Ar, and pTpaLLOl 1 control plasmid constructs never exhibited any 
protection (Fig. Q±]g; other data not shown). Thus, these results demonstrate that immunization of narve 
BALB/c mice with a plasmid DNA construct (pTpa492A) containing a mutant, chimeric form of the hly 
gene not only stimulates LL09i_99-specific CTL, but also provides in vivo protection against subsequent 
challenge with this intracellular bacterial pathogen. 



► Discussion 
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The evaluation of DNA vaccination in this murine disease model was 
facilitated by previous studies characterizing the protective immune response 
to experimental L. monocytogenes infection. The essential role of CDS"^ 
cytotoxic T cells in this protective response, as well as the identification of a 
major target Ag (LLO) and a H2-K'l-restricted LLO peptide (LLOg^^^^) 
recognized by these immune CTL, were critical to the evaluation of genetic immunization in this model 
of mtracellular bacterial pathogenesis. Although our preliminary attempts to induce protective immunity 
with a plasmid consfruct (pLL06) encoding the wild-type form of LLO were largely unsuccessful, they 
did suggest that LL09,_99-specific CD8+ CTL could be primed in vivo. These initial experimental 
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• findings encouraged us to use other recombinant forms of the hly gene to facHtate this immunization 
event. One of these recombinant genes involved the substitution of the bacterial signal sequence of LLO 
with an eukaryotic signal sequence derived from the tPA gene (45). This chimeric gene was designed to 
facilitate enhanced in vivo expression of LLO by eukaryotic host APC populations (i.e., presumably 
tissue-specific macrophages and/or dendritic cells). A second hly gene was cloned from a mutant strain 
of Z. monocytogenes in which a tryptophan to alanine change at amino acid position 492 (i e within the 
cholesterol-bmding region of LLO) dramatically reduces the hemolytic activity of this bacterial toxin 
(44). This mutant gene was used to attenuate the potential toxicity of the recombinant LLO molecule 
expressed in vivo. A third recombinant hly gene incorporated both the substituted murine tPA signal 
sequence and the W492A mutation. Eukaryotic plasmid expression vectors containing each of these 
three modified hly gene constructs were evaluated as potential DNA vaccines in the induction of 
LLO-specific immunity. The data reported here demonstrate that immunization of mice with the plasmid 
DNA construct (pTpa492A) that encodes the less toxic LLO molecule fused to a mammahan signal 
sequence resulted m optimal in vivo priming of LL09,_99-specific CD8^ CTL and provided good 
protection against subsequent challenge with L. monocytogenes. 

The specificity of this protective immune response was indicated by the ability of CTL derived from 
mice immunized with the pTpa492A plasmid DNA construct to recognize L. monocvtogenes-inf^t^d 
J774 cells and to lyse RMAS-K^ cells pulsed with the LLO,,_,,, but not the ^^li-iis^ Peptide. In 
contrast, no CTL activity or in vivo protection was observed in mice immunized with plasmids 
containing any of the hly gene constructs in the reverse orientation (relative to the CMV promoter) This 
finding suggests that the protective response observed following immunization of experimental mice 
with the plasmid DNA vaccines is not a fiinction of the innate immune response to nonmethylated TnO 
motifs present m the bacterial DNA (48, 49), as has been reported previously in the murine model of'' 
antilisterial immunity (50). However, as previously suggested {5\, 52, 53), the presence of such 
immunostimulatory CpG motifs may provide an important intracellular signal that facilitates the 
subsequent induction of this LLO-specific immune response following immunization with the 
pTpa492A plasmid. 

Although the level of protective immunity induced following immunization with the pTpa492A plasmid 
construct does not approach that observed following sublethal infection with viable L. monocytogenes it 
approximates the level of protection observed following immunization of mice with a recombinant stra'in 
of Bacillus subtilis expressing LLO (35). Presumably, the protective immune response observed in mice 
immumzed with the pTpa492A plasmid or the recombinants, subtilis is mediated solely by 
LLO-specific T ceils, hi contrast, protective immunity induced following infection with viable L 
monocytogenes represents the cellular response to several bacterial Ags, including LLO as well as the 
p60 and metalloprotease proteins of I. monocytogenes. These latter proteins also function as a source of 
H2-K -restncted peptides recognized by immune CD8+ CTL in the BALB/c murine model of 
experimental listeriosis (31, 37, 38, 40, 41 , 42, 43, 54). hi addition, BALB/c mice can be immunized 
successfiilly with a L. monocytogenes mutant (designated 92F) containing a disrupted LLO^^.^^ peptide 
epitope (a tyrosine to phenylalanine change at amino acid 92, which inactivates this amino acid anchor 
residue for binding to the MHC class I molecule), further suggesting that other L. monocytogenes 
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• Ags can function as targets of the protective immune response (39). Thus, the significant level of 
protection (i.e., ranging from 1 .5 to 2.5 logj^ reduction in CFU per spleen) observed in mice immunized 
with the pTpa492A plasmid DNA construct is rather remarkable, as this response is induced in the 
absence of bactenal mfection and is directed at a single Ag expressed by a rapidly dividing, intracellular 
bactenal pathogen. The data provided here also demonstrate that the Hl-K^ restricted LLO^, epitope 
is a major target of the immune CD8+ cytotoxic T cells induced following immunization with the 
pTpa492A plasmid. However, whether such immunization also induces the MHC class lb restricted 
immune CDS T cell response previously described in this murine model of experimental listeriosis (55) 
remains to be determined. 

Recently, Uchijima et al. (56) have reported the successful immunization of mice with plasmid DNA 
constructs containing an oligonucleotide sequence encoding only the LLO^^^^, epitope. Interestingly, 
they could not stimulate LLO^j.^^-specific CD8^ CTL nor induce in vivo protection using the wild-type 
bacterial codon sequence; that is, this immunization was successful only when the LLO^, sequence 
information was provided by substituted codons frequently found in murine genes. Their findings 
contradict an earher report (57) describing immunization of BALB/c mice with a bacterial 
codon-encoded LLOpj.^^ minigene expressed in a recombinant vaccinia viral vector. The data we report 
here fiirther demonsfrate that in vivo activation of LLO^j.^^-specific CD8+ CTL and induction of 
protective immunity can be effected following immunization with plasmid DNA containing the bacterial 
codon-encoded form of LLO, albeit the expression of this Ag is regulated by a mammalian signal 
sequence. Thus, our findings demonstrate that the modification of nucleotide sequences to contain 
mammahan-specific codons need not be a prerequisite for the application of plasmid DNA vaccination 
m prevention of bacterial disease. In addition, our data demonstrate the nascent development of the 
LL09i_99-specific CTL responses following immunization with plasmids containing the fiiU-length hly 
gene This obviates the need to generate plasmid DNA vectors containing multiple nucleotide sequences 
encoding several peptides (derived from a single protein Ag) to accommodate the binding motifs of 
different MHC class I alleles, and thereby suggests the favorable application of this immunization 
methodology to outbred mammalian populations. 

A number of laboratories are conducting studies directed at enhancing the efficacy of plasmid DNA 
immunization, either via improved plasmid DNA vectors, incorporation of multiple recombinant Ags or 
peptides, or co-injection of plasmid DNA constructs encoding cytokines that influence the immune 
response. Using one or more of these approaches, it may be possible to fiirther augment the induction of 
protective immumty to L. monocytogenes following immunization with plasmid DNA constructs 
encoding wild-type or modified forms of LLO or other L. monocytogenes proteins. These studies should 
continue to provide information essential for the eventual application of this unique immunization 
methodology m the induction of protective immumty to other intracellular bacterial pathogens causing 
acute or chronic disease in mammalian populations. 
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Abstract 

The development of a vaccine for Helicobacter pylori is a key strategy for reducing the worldwide 
prevalence of//, pylori mfection. Although immunization with recombinant B subunit of H pylori 
urease (ureB) has yielded promising results, for the most part, these studies relied on the use of strong 
adjuvant cholera toxm, precluding the use in humans. Thus, the development of new vaccine strategies 
tor //. pylon is essential. Previous studies from our laboratory have described a vaccine vector based on 
pohovirus in which foreign genes are substituted for the poliovirus capsid genes. The genomes encoding 
toreign proteins (replicons) are encapsidated into authentic poliovirions by providing the capsids in 
trans. To test the utility of replicons as a vaccine vector for H. pylori, a replicon was constructed which 
encodes ureB. Expression of ureB in cells from the replicon was demonstrated by metabolic labeling 
tollowed by immunoprecipitation with anti-urease antibodies. To investigate the immunogenicity of the 
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replicons, mice containing the transgene for the receptor for pohovirus were immunized via the 
mtramuscular route. Mice given three doses of repHcons did not develop substantial antibodies to ureB 
as determined by Western blot analysis using lysates from H. pylori. In contrast, mice given two doses of 
rephcon followed by a single injection of recombinant ureB developed serum antibodies to ureB which 
were predominately IgG2a. Splenic lymphocytes from mice immunized with replicons alone or 
rephcons plus recombinant ureB produced abundant interferon-7 and no detectable interleuk'in-4 upon 
stimulation with recombinant ureB. These results establish that poliovirus replicons encoding H pylori 
ureB are immunogemc and induce primarily a T helper 1 associated immune response. 

Author Keywords: Poliovirus replicon; Helicobacter pylori; Urease; Thl-Th2 immune responses 
Index Terms: gram negative infection; immunization; bacterial 
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1. Introduction 

Helicobacter pylori is a non-invasive, Gram-negative bacterium that causes chronic superficial gastritis 
and peptic ulcer disease and is associated with gastric carcinoma [4 and 29]. Although antibiotic 
treatment for 7/. pylori infection has resulted in the eradication in the infected host, the economics of 
reataent m developing countries coupled with the potential for emergence of resistance has necessitated 
the development of alternative strategies. A vaccine against H. pylori would be a cost effective way to 
prevent the late and possible life threatening disease manifestations. There have been considerable 
eftorts toward the development of a vaccine using H. pylori urease, a major protein constituent of H 
pylori which is involved in the pathogenesis ofH pylori infection [6, 8, H and 12]. A great challenge in 
the development of vaccine strategies for H pylori is to stimulate a mucosal immune response to this 
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pathogen. Towards this goal, recombinant urease produced in E. coli protects mice from challenge with 
Helicobacter spp. when administered orally with cholera toxin [7, 9, 13, 14 and 25]. Although results of 
these studies serve as an important proof of concept, in humans, the oral administration of mucosal 
adjuvants such as cholera toxin or heat labile E. coli enterotoxin might result in an unacceptable level of 
diarrhea [iQ and 15]. To circumvent this problem, recently genetically engineered mutants of heat labile 
E. coli enterotoxin [2] or cholera toxin [30 and 31] have been made to eliminate toxicity. Oral 
administration of recombinant H. pylori urease in combination with E. coli heat-labile enterotoxin has 
recently been shown to protect against H. pylori challenge in non-human primates [3]. 

Genetically engineered poliovirus offers many attractive features for development as a vaccine vector for 
mucosal immunization. Poliovirus is transmitted orally and enters immunoreactive mucosal sites. 
Moreover, the virus is available in an attenuated form that is both safe and effective as an oral vaccine 
[24]. To exploit the potential of poliovirus as a vaccine vector, our laboratory has developed 
recombinant genomes (replicons) in which a foreign gene is substituted for the genes encoding the 
capsid. Replicons undergo a process of RNA amplification and express foreign protein upon 
introduction into cells. Importantly, since replicons do not encode capsids, they cannot spread from cell 
to cell and therefore do not cause disease. To encapsidate these replicons, a recombinant vaccinia virus 
that expresses the capsid proteins of poliovirus (VV-Pl) is used to provide the capsid protein in trans 
[20]. Previous studies from this laboratory have described immunogenicity of replicons encoding the C 
fragment of tetanus toxin [19] or HIV antigens [20]. In both studies, replicons were given to transgenic 
mice which contain the receptor for poliovirus and resulted in production of serum antibodies to the 
foreign protein. 

To determine if poliovirus based vectors would be suitable as a vector for H. pylori proteins, we have 
constructed poliovirus replicons that encode the H. pylori urease B subunit (ureB). Expression of the 
ureB protein from cells infected with replicons encoding ureB was confirmed using immunoprecipitation 
with specific antibodies. Immunization of transgenic mice susceptible to poHovirus with ureB was used 
to investigate the immune response. The results of this study point to the continued development of 
poliovirus replicons as a vaccine vector for H. pylori. 

2. Materials and methods 

2.1. Construction of the ureB-poliovirus genome 

The plasmid (pHP 902) containing the entire gene of the urease B subunit of//, pylori (strain UMAB 41, 

^ ^^^^ ^°^'^y' University of Maryland. Using DNA primers 5'- 

^-^^^^ AAAAAGATTAGC AGAAAAGAATATG-3' (5' oligomer) and 
S'. GTTAAC CTTTATTGGCTGGTTTAGAG-3' (3' oligomer), the urease gene was amplified by 
polymerase chain reaction (PGR). DNA primers were chosen to create unique Xhol (5') and Hpal (3') 
restriction sites (underlines), respectively. Following amplification, the DNA product was cloned into 
the plasmid pCRH (Invitrogen, San Diego, CA), digested with ATioI and Hpal and then ligated into a 
replicon cDNA [21] previously digested with ATioI and SnaBl enzymes; the resulting plasmid was 
named pT7-IC-VP4-ureB. 

2.2. Encapsidation and serial passage of replicon containing the urease B subunit of 
H. pylori 

The encapsidation and serial passage of encapsidated poliovirus replicons using recombinant VV-Pl has 
been described previously [20]. Briefly, HeLa cells grown in Dulbecco's Modified Eagle's Medium 
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(DMEM) (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (Biocell Laboratories, 
Rancho Dominguez, CA) were infected with VV-Pl at a multiplicity of infection of 10. After 2 h, the 
cells were transfected with replicon RNA or infected with encapsidated poliovirus replicons. Cultures 
were harvested 24 h after transfection by three successive freeze-thaws and clarified by centrifugation at 
14,000x^ for 20 min. The supematants were stored at -70°C or used immediately for additional passages 
[20]. To detect poliovirus proteins or H. pylori ureB, the transfected and/or infected cells were 
metabolically labeled and the proteins were immunoprecipitated with rabbit antibodies to either 
poliovirus RNA polymerase (anti-SD^o') or H. pylori urease [5], followed by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography as previously described [20]. 

2.3. Immunization of mice 

Previous studies fi-om this laboratory have shown that intramuscular immunization of mice containing 
the gene for poliovirus receptor (PVRl-27 transgenic mice) [23] with replicons induced serum 
antibodies to the foreign protein encoded by the replicon [19] (PVRl-27 mice are not susceptible to 
orally administered poliovirus, therefore the replicons are administered intramuscularly). A group of five 
twelve week-old PVRl-27 mice (Lederle-Praxis Laboratories, Rochester, NY) were immunized with 
7 

10 infectious units of replicons encoding ureB and boosted on days 21 and 35 with the same amount of 
infectious units of the designated replicon (Group C). A second group of mice were immunized with 
ureB replicon on day 0, boosted on day 21, but for the last boost (day 35) received 5 % recombinant 
ureB protein (prepared as described in the following section) (Group D). Control groups included mice 
immunized once with 5 /^g recombinant ureB protein on day 0 and bled 7 d later (Group B); mice 
immunized with 10*^ infectious units of control replicon encoding the LI protein of human 
papillomavirus type 1 1 (HPVl 1) on days 0, 21 and 35 (Group A); and mice immunized three times (days 
0, 21, 35) with 5 /^g recombinant ureB protein (not shown). Blood was collected from the tail vein before 
each immunization and on day 42 (7 d after the final boost) from each mouse. 

2.4. Antigens for antibody detection and measurement of antibody 

2.4.1. Western Blot 

H. pylori strain SPM 326 (a kind gift of Dr. Paolo Ghiara, Biocene, Siena, Italy) were cultured under 
microaerobic conditions at 37°C on blood agar plates, scraped into an Eppendorf tube, washed with ice 
cold phosphate buffered saline (PBS), counted by optical density and resuspended in PBS 
(approximately 1 x 10^0 bacteria/ml). H. pylori were pelleted and boiled for 5 min in SDS-PAGE sample 
buffer (25 mM Tris, pH 6.8, 4% SDS, 0.01% bromphenol blue and 10% 2-mercaptoethanol). After 
SDS-PAGE and fransfer to a nitrocellulose membrane, the blot was incubated in 3% non-fat milk/TEN 
(0.05 M Tris, 0.005 M EDTA, 0.15 M NaCl, pH 7.2) buffer overnight at 4°C, washed with water, air 
dried and then cut into 2 mm wide strips. The strips were incubated with mouse sera diluted 1 :200 in 1% 
non-fat milk/TEN buffer for 2 h at room temperature, washed 4 times with TEN, incubated for another 1 
h with peroxidase-labeled rabbit anti-mouse IgG washed again and then visualized by 
chemiluminescence (Enhanced Chemiluminescence Kit, Amersham, Arlington Heights, IL). 

2.4.2. ELISA 

To quantitate anti-ureB antibodies, we developed an ELISA using recombinant H. pylori ureB protein as , 
antigen. To obtain sufficient quantities of the protein, the ureB gene was cloned into pET-16b vector 
(Novagen, Madison, WI) with a lOxHis tag at the amino terminus. Competent E. coli cells, [strain 
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BL21(DE3)], were transformed with pET-16b-ureB and, after 3 h, the cells were induced with IPTG (1 
mM) and grown for another 3 h. Urease was purified from guanidine-HCl disrupted E. coli using 
Ni-NTA resin (Qiagen, Chatsworth, CA), concentrated through a XM-50 nitrocellulose filter (Amicon, 
Beverly, MA) and then dialyzed against PBS (pH 6.5). ELISA plates were coated with recombinant ureB 
protem (5 /'g/ml) overnight at room temperature, blocked with 0.25% bovine serum albumin for 2 h and 
then mcubated with mouse serum (diluted 1:100) for 3 h. The second antibody (1:4,000) was 
peroxidase-labeled goat anti-mouse IgG, IgGl or IgG2a (Southern Biotechnology Associates, 
Birmmgham, AL) incubated for 1 h and wells were then developed with peroxidase substrate system 
(Kirkegaard and Perry Laboratories, Gaithersburg, MD). Reaction was stopped with 1 M sulfuric acid 
and read at 450 nm. 

2.5. Preparation of splenic T lymphocytes and analysis of interferon-T (IFN-T) and 
interleukin-4 (IL-4) production 

Single cell suspensions were prepared from whole spleens of individual test and control mice and 
centrifiiged at 400xg for 8 min at 4°C. The pellets were washed twice in 10 ml sterile RPMI (Cellgro 
Mediatech Inc., Hemdon, VA) containing 10% fetal calf serum (Atlanta Biologicals, Norcross, GA) with 
200 U/ml penicillin and 100 /^g/ml streptomycin and brought to a final volume of 10 ml on ice. The total 
cell count for each sample was determined by Couher counter analysis (Coulter Electronics Ltd., Luton, 
England). Optimum assay conditions were determined in preliminary experiments using cells from 
similarly treated transgenic mice. Cells were cultured in duplicate at 4x10^ cells/200 W/well in 96 well 
plates (Costar, Cambridge, MA) in the presence of 0, 5 or 25 A^g/ml recombinant ureB protein or 1 ^g/ml 
Con A (Sigma, St. Louis, MO) for 72 h at 37°C. Culture supematants were harvested, centrifuged at 
SOOOxg for 5 mm at 4°C and frozen at -70°C. Cytokine levels in the supematants were measured by 
double antibody ELISA using IFN-T and IL-4 ELISA kits (R&D Systems, Minneapolis, MN). Each 
supernatant was assayed in duplicate and a standard curve of known recombinant cytokine was included 
on ever>' plate. Data were plotted as mean±standard error of the mean. 

3. Results 

3.1. Construction of the replicon encoding the ureB subunit ofH. pylori urease 

The poUovirus cDNA was reconstructed so that the foreign gene can be substituted for the genes 
encoding the VP2, VP3 and VPl capsids of poliovirus (PI region) (Fig. l Al The foreign gene is 
positioned to maintain the franslational reading frame between VP4 and the remaining polio proteins To 
construct a replicon containing the H. pylori ureB gene, PGR primers were designed to amplify the DNA 
sequence containing the open reading frame of ureB (nucleotides 780-2453) [i]. The franslational 
reading frame of ureB was maintained with the remaining VP4 and the P2-P3 region of the poliovirus 

genome ( FigJ.B) so that expression of the ureB protein from the replicon would be a VP4-ureB fusion 
protein (72 kDa). 
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Fig. 1. Schematic representation of a poliovims replicon that encodes the B subunit of// pyhri urease (A) 
Pohovirus genome. The complete cDNA of poliovims in the plasmid designated pT7-IC [20] (B) Replicon 
encodmg the 62 kDa subunit of H. pylori urease (ureB). The ureB gene was amplified by PGR and subcloned 
into the vector pCRII. The oligonucleotides were chosen so that unique Xhol and Hpa\ restriction 
endonuclease sites were added to the 5' and 3' end of the gene, respectively. The ureB gene was isolated by 
restriction digestion ^x\hXhol and Hpa\ and subcloned into the poliovims cDNA, resulting in a deletion of the 
codmg region for VP2, VP3 and VPl in the poliovims genome. The resulting plasmid, designated 
pT7-IC-VP4-ureB, contains the ureB gene positioned between the genes encoding VP4 and 2A thereby 
conserving the translational reading frame. (C and D) Expression of poliovims-specific and H. pylori-speciric 
fTT'T ^^^^ "^^'^ '"^^'^^^'^ "^'^ *^ encapsidated replicons. The cells were metabolically 

labeled and mimunoprecipitated as described in Section 2 . For panel C, the order of the samples are as follows' 
lane 1 corresponds to protems from control non-infected HeLa cells; lane 2 to proteins from infected cells with 
the ureB replicons; both lanes were immunoprecipitated with antibodies to poliovims BCD. For panel D the 
order of the samples are as follows; lane 1 corresponds to proteins from control uninfected HeLa cells- lane 2 
SowTiTf ""^ "^^^"^^^^ "^'^ replicons encoding LI capsid protein of human papilloma vims type 1 1 (LI 
HP V 11): lane 3 to proteins from infected cells with the ureB replicons immunoprecipitated with rabbit 
anti-urease antibodies. The molecular mass markers are noted (kDa). 

3.2. Expression of VP4-ureB 

Transfection of VP4-ureB replicon RNA into HeLa cells resulted in the expression of a 72 kDa protein 
that was detected by immunoprecipitation with antibodies to the poliovims RNA polymerase (data not 
shown). This IS the predominant molecular form of the polymerase (designated 3CD) present in 
f^mlu^ '"^^^'^^^^ ^^"^ ^"'^ the level of the enzyme correlates with the replication of the replicon 
L20J. The urease specific protein was also immunoprecipitated with rabbit anti-urease antibodies as a 
protein with molecular mass of approximately 72 kDa, consistent with the VP4-ureB fusion protein (data 
not shown). ^ 

The replicon was encapsidated by serial passage in the presence of VV-Pl and the encapsidated 
replicons were used to infect HeLa cells. Following metabolic labeling, 3CD was immunoprecipitated 
using anti-3D ° antibodies from the lysate from replicon-infected cultures ( Fig. I C) The levels of BCD 
expression were used to estimate the titer of the encapsidated replicons [20]. Since the replicons do not 
torm plaques like wild type poliovims, we refer to the titer in infectious units (an infectious unit 
correlates directly with plaque forming units for poliovims). The cell extract was also incubated with 
anti-urease antibodies. We again detected a protein with a molecular mass of 72 kDa, corresponding to 
the VP4-ureB fusion protein and a second unknown protein of molecular mass approximately 28 kDa 
that could represent a proteolytic breakdown product of VP4-ureB (noted by the question mark) ( Fig, 

3.3. Antibody responses to immunization witli the replicon encoding H. pylori ureB 

To characterize the immune response to the ureB replicon, sera from immunized and control mice were 
analyzed for anti-urease antibodies by Western blot and ELISA. The Western blot analysis demonstrated 
mat semm from mice immunized with ureB replicons only (Qg^C) contained no detectable antibodies 
to^. pylori mease of the dilution tested. However, when the day 35 boosted immunization was replaced 
with recombinant ureB protein (Fig^D), semm anti-urease antibodies were detected. In sera of control 
groups of mice, which were immunized with replicons expressing LI capsid protein of HPVl 1 ( Fig, 
2A) or with one inoculation of recombinant ureB ( Fig^B), anti-urease antibodies were not detected 
either using a Western blot or ELISA. The level of antibodies as detected by ELISA increased when the 
second boost (day 35) was replaced with recombinant ureB protein. More importantly, these antibodies 
were exclusively of the IgG2a isotype, consistent with Thl type immune response ( Fig. 3 ) Thus 
vaccination with ureB replicons appeared to prime the mice for an enhanced Thl immune response to 
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the ureB protein. Sera of animals immunized with 3 doses of ureB protein showed the most intense 
bands, corresponding to antibodies to the 62 kDa urease subunit (data not shown). Isotype analysis of 
these antibodies revealed they were predominantly of the IgGl isotype. 
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Fig. 2. Western blot analysis of sera from (Group A) mice immunized three times with polio replicons 
expressing LI capsid protein of HP VI 1 ; (Group B) mice immunized once with recombinant ureB protein; 
(Group C) mice immunized three times with replicons encoding ureB protein; and (Group D) mice immunized 
twice with replicons encoding ureB and boosted once with recombinant ureB protein. Sera are from day 42 (7 
d after second boost), except for Group B mice which were bleed 7 d after the single injection of 5 ^g of 
recombinant ureB. Each strip represents serum analyzed from an individual animal. The urease of//, pylori is 
designated with an arrow. Sera from immunized mice reacted also with undefined proteins in the H. pylori 
lysate (stars). The antigen for Western blot was lysate of//, pylori prepared as described in Section 2 and 
second antibody was peroxidase-labeled rabbit anti-mouse IgG. 




(lOK) 



Fig. 3. Ratio of IgG2a/IgGl of anti-urease antibodies in the sera of mice immunized 3 times widi recombinant 
ureB or twice with ureB replicons and once with recombinant ureB. 



3.4. Cytokine responses to immunization with replicon encoding H. pylori ureB 

The results of the isotype analysis of the immunoglobulins suggested that replicons stimulated 
predominantly Thl response. To confirm this possibility, the splenic T lymphocyte production of IFN-T 
and IL-4 was measured with and without stimulation with ureB protein or the mitogen concanavalin A 
(data not shown). Increased production of urease-stimulated IFN-T was detected in cultures of cells from 
mice vaccinated with the ureB replicons and recombinant ureB (Fig. 4 . column 4) compared with 
splenocyte cultures from control animals ( Fig. 4 . columns 1, 2 and 3) in which negligible levels of 
cytokme were detected. The highest levels and clearest dose-dependence for INF-T production was in 
the splenocyte cultures from mice given two doses of replicon followed by recombinant ureB. Analysis 
of splenic cultures of replicons immunized animals revealed little or no IL-4 production, consistent with 
the notion that the immunization of mice with ureB replicons induced a strong Thl -type cytokine 
response by splenic T cells. 




Fig. 4. Splenic T lymphocyte production of IFN-T. Cultures of splenocytes were assayed for IFN-T in the 
absence or presence of (5 or 25 ^^g) recombinant ureB protein. (1) unimmunized mice; (2) mice immunized 
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three times with polio replicons expressing LI capsid protein of HPVl 1; (3) mice immunized three times with 
rephcons encoding ureB protein; (4) mice immunized twice with replicons encoding ureB and boosted once 
with recombinant ureB protein. Data are presented as meanistandard error of the mean. 



4. Discussion 

In this study, we have constructed and characterized a non infectious poHovirus repHcon that encodes the 
62 kDa subunit oiH. pylori urease. Infection of HeLa cells with ureB rephcon resulted in expression of a 
72 kDa VP4-ureB fusion protein which could be immunoprecipitated with antibodies to urease. Mice 
given three doses of replicon via the intramuscular route did not produce detectable levels of serum 
antibody as measured by Western blot analysis, hi contrast, mice given two doses of replicons followed 
by a single intramuscular boost with recombinant ureB produced serum antibody which reacted against 
ureB from pathogenic H. pylori in the Westem blot assay. Analysis of this serum antibody to urease 
revealed that it was predominately IgG2a. Spleen cells from animals immunized with replicons alone or 
replicons plus a recombinant ureB booster immunization produced IFN-T but not IL-4 following 
stimulation with recombinant ureB in vitro. 

Previous studies from this laboratory have described the analysis of the immunogenicity of replicons 
which encode the C-fragment of tetanus toxin or gene fragments of HIV gag and env [18 and 20]. hi 
both cases, it was found that administration of the replicons via inframuscular route resulted in the 
production of serum antibodies directed against the foreign protein. It was surprising then that we were 
unable to detect significant serum antibodies to ureB following immunization with replicons alone. We 
believe that an explanation for these results relies, in part, on some of the unique features of the replicon 
vaccine vector. Studies from our laboratory have found that expression of recombinant proteins from 
replicon vectors in vivo occurs rapidly post inoculation, peaking at 16-20 h and by 24-48 h post 
inoculation, the expression of recombinant proteins from replicons was not detected (Novak and 
Morrow, manuscript in preparation). Thus, the capacity of rephcons alone to stimulate an antibody 
response might depend, in part, upon the inherent immunogenicity of the foreign protein. For some 
proteins, such as C-fragment of tetanus toxin, the limited expression of the antigen is sufficient to 
stimulate an immune response. It may be then, that the ureB protein used in this study, was not 
sufficiently antigenic to stimulate a serum antibody response by immunization with replicons alone. We 
did note that a smaller mass protein was immunoprecipitated from replicon infected cells. It is possible 
that this is a breakdown product from VP4-ureB protein which occurred as a result of the infracellular 
expression of the VP4-ureB. Since ureB would, under normal circumstances, not be expressed in the 
eukaryotic intracellular milieu, it is possible this protein contains cryptic proteolytic cleavage sites. The 
breakdown of the ureB in cells then, could have contributed to the lower immunogenicity when 
compared to other antigens expressed from the replicons. Further experiments will be required to resolve 
this question. 

Although replicons alone were not sufficient to stimulate production of anti-urease antibodies, they did 
infect the mice and produce sufficient ureB protein to prime an immune response. This was evident from 
our experiments in which we detected primarily IgG2a anti-ureB antibodies in animals which had been 
given two doses of rephcon followed by a single dose of ureB. hi contrast, animals given a single dose of 
ureB did not have detectable serum antibodies to ureB and animals given three dosages of recombinant 
ureB produced a predominantly IgGl antibody response. The prevalence of an IgG2a antibody response 
in the replicon immunized animals is consistent with the stimulation of a Thl helper response [28]. To 
confirm this, we analyzed the spleen cells from animals immunized with replicons plus a single dose of 
recombinant ureB for the capacity to produce specific cytokines upon stimulation with recombinant 
ureB. We detected production of EFN-T but little or no IL-4 from ureB-stimulated spleen cells obtained 
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from animals given only replicons. Moreover, even in mice when no detectable antibodies were seen ( 
Fig- 2, group C) IFN-T was detected in splenic T cells cultures ( Fig. 4 , columns 3). Thus, even though 
we did not detect humoral response, we were able to show that a cellular immune response had been 
stimulated by replicons encoding ureB. The ability of the replicons to stimulate a Thl type response is 
generally consistent with results obtained from other vectors where the expression of foreign protein 
occurred intracellularly. Most interestingly, immunization with plasmid DNA has been shown to 
stimulate primarily a Thl response [26]. The immune response observed following DNA immunization 
parallels that seen with replicons in that both vector systems produce low levels of antigen which many 
times does not result in a vigorous antibody response [22]. 

Previous studies have reported on the murine CD4 T cell responses from mice immunized with sonicates 
from the closely related Helicobacter felis [16 and 17]. The cellular response to the immunization 
resulted in a primarily Thl type response to re-challenge and the cellular proliferation assay correlated 
with the severity of gastric inflammation, suggesting that the Thl type response promoted a local 
delayed type hypersensitivity response in the animals. Based on the results of these studies, it was 
concluded that the Thl cells contributed to the pathogenesis of the disease [16, 17 and 27]. Just what 
stimulated these Thl cells to become pathogenic was not clear since the antigen within the H. felis lysate 
which stimulated the response was not identified. A comparison of the immune response and gastric 
inflammation as a result of any vaccine approach is then important. Unfortunately, PVR 1 mice are not 
susceptible to orally administered poliovirus and we are unable to detennine whether oral administration 
with replicons will induce mucosal antibodies in mice. However, having shown that ureB replicons are 
immunogenic in mice given via the intramuscular route, it might be possible to combine parenteral 
immunization using replicons with oral immunization with recombinant ureB. A previous study using 
influenza virus found that systemic immunization followed by oral administration of antigen resulted in 
protective antibodies in the secretions [18]. As a general vaccine strategy though, this approach is 
limited because most of the antigens are unstable at the low pH environment of the intestine. Given the 
fact that H. pylori is adapted to the gastrointestinal tract, the ureB protein which is located on the surface 
of the bacteria, is probably more stable than most antigens in this environment. Experiments are 
underway to test combinations of systemic priming with oral administration of ureB for immunogenicity. 
Recently we have established a mouse challenge model for K pylori infection [27]. In fixture 
experiments we will use this model to determine whether the immune response following immunization 
with ureB replicons confers protection to challenge with K pylori. It might also be possible to extend the 
characterization of the replicons to vaccinate non-human primates orally with the vector and test for the 
presence of mucosal anti-urease antibodies, since the administration of oral poliovirus vaccine to 
non-human primates is known to stimulate both systemic and mucosal antibodies [24]- 
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Abstract 



Particle-mediated (Helios® Gene Gun) transfer to the turkey epidermis of plasmid DNA expressing the 
major outer membrane protein (MOMP) of an avian Chlamydia psittaci strain was evaluated for its 
ability to raise an immune response and protection against challenge with the homologous strain hi 
turkeys, the delivery of pcDNAl/MOMP coated onto 0.6 thn gold beads was the most efficient 
compared to immunisations using 1.0 or 1.6 A^m gold beads. The delivery of as Httle as 1 /^g 
pcDNAl/MOMP coated onto 0.6 /% gold beads was efficient, hnmunisation with 1.0 /%i gold beads 
required twice more (2 ^g) DNA to achieve comparable results. The use of 2 /^g DNA coated onto 1 6 

gold beads had no effects. The gene gun delivery both primed T-helper and B-cell memory although 
recombinant MOMP-expressing cells did not induce high-titre antibody responses. The significance of 
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gene gun-based DNA immunisation as a means of preventing severe clinical signs, lesions and 
chlamydia excretion in a turkey model of Chlamydia psittaci infection was demonstrated. 

Author Keywords: DNA vaccine; Chlamydia; Turkeys 
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1. Introduction 

Observations in the early 1990s that plasmid DNA could directly transfect animal cell in vivo resuhed in 
the exploration of the use of DNA plasmids to induce protective antibody and cell-mediated immune 
responses by direct injection into animals of DNA encoding antigenic proteins. Nowadays, DNA 
immunisation has been used to elicit protective immune responses in a variety of animal models for 
parasitic, viral and bacterial diseases including Chlamydia trachomatis and Chlamydia psittaci [\, 2, 3 
4, 5, 6, 2, 8, 9 and 10]. ' ' ' 

The only protective chlamydial antigen which has been unambiguously identified is the major outer 
membrane protein (MOMP). This protein, represents the majority of the surface exposed protein of C. 
psittaci. It is a protein of approximately 40 kDa characterised by four variable regions and five 
intervening constant regions of conserved structure and function. MOMP is an immunodominant protein 
carrying genus-, species- and interestingly serovar-specific epitopes eliciting neutralising antibodies [1 1 
12 and 13]. 

Several methods for the delivery of DNA vaccines have been evaluated. Parenteral routes of inoculation 
that achieved good protection included intramuscular and intravenous injections. Successfiil mucosal 
routes of vaccination included DNA drops administered to the nares or trachea. In addition, gene gun 
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delivery of DNA into the epidermis seems to be a very efficient method of inoculation, achieving 
protection with 250 to 2500 times less DNA than direct inoculations of purified DNA in saline [14]. 
Gene gun dehvery takes advantage of the ability of balistically accelerated microscopic gold particles to 
penetrate cell membranes without killing the cell. By mixing these gold beads with purified plasmid 
DNA in the presence of polycations, the DNA becomes coated onto the gold particles. 

hi the present study the Helios® gene gun (BioRad) was evaluated for achieving protective 
immunological responses in turkeys against C. psittaci challenge. The effects of gold bead size on the 
outcome of immunological and protective responses are evaluated. 

2. Materials and methods 

2.1. C. psittaci strain 

Li this study, C. psittaci strain 84/55, isolated from the lungs of a diseased parakeet, was used. The strain 
was previously characterised using both serovar-specific monoclonal antibodies and restriction fragment 
length analysis of the ompl gene. Sfrain 84/55 was classified as an avian serovar A and genotype A 
strain [15 and 16]. The sfrain was grown in Buffalo Green Monkey (BGM) cells as previously described 
[17] and the 50% tissue culture infective dose (TCIDjq) was determined on BGM cells by the method of 
Spearman and Karber [18]. 

2.2. Vaccine DNA 

Plasmid pcDNAl/MOMP was constructed by sticky-end ligation of the outer membrane protein 1 {omp 
1) gene of sfrain 84/55 into the EcdKi. site of pcDNAl [19 and 20]. DNA's were grown in Escherichia 
coli MC1061/P3 bacteria and purified by use of the QIAGEN Tip 2500 plasmid preparation method 
(QIAGEN GmbH, Hilden, Germany). DNA concentration was determined by optical density at 260 nm 
and confirmed by comparing intensities of ethidium bromide stained EcoSl restriction endonuclease 
fragments with standards of known concentration. DNA was stored at -20°C in 1 mM Tris (pH 7.8), 0.1 
mM EDTA. Expression of MOM? was confirmed by indirect imunofluorescent staining of both DEAE 
dexfran fransfected C0S7 cells and turkey skeletal muscle injected with pcDNAl/MOMP [16]. For gene 
gun inoculations, 2 t^g pcDNAl/MOMP diluted in saline (0.9% NaCl) was coated onto 1 mg gold beads 
of either 0.6, 1 .0 or 1 .6 DNA coating was performed as described by the manufacturer. pcDNAl 
was used as control plasmid. 

2.3. Vaccination trial 

SPF turkeys (CNEVA, Ploufragan, France) were divided into eight groups, reared in negative pressure 
isolators on wired floors. Turkeys of groups 1 to 6 («=5) were immunised by DNA-coated gold particles 
dehvered to a shaved and ethanol disinfected area of the back skin by use of the Helios® Gene Gun 
(Bio-Rad). DNA-coated gold beads were accelerated into the epidermis using a helium pressure setting 
of 200 p.s.i. Turkeys of groups 1-3 received one shot of 0.5 mg gold beads (1 /'g DNA/shot) of 
respectively 0.6, 1.0 or 1.6 diameter. Turkeys of groups 4^6 received two shots (1 /^g DNA/shot) of 
0.6, 1.0 or 1.6 diameter, respectively Group 1-6 received a first gene gun inoculation at time 0 and 
the second 3 weeks later. C. psittaci serovar A challenge was administered by aerosol at 14 days after the 
second DNA inoculation (35 days PPV). The challenge consisted of 10^-^ TCID5Q of chlamydia strain 
84/55. A control group (group 7) (placebo-vaccinated-challenged group) of six pcDNAl vaccinated SPF 
hirkeys was similarly infected. A second control group (group 8) of five pcDNAl vaccinated SPF 
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turkeys remained unchallenged. The latter two groups had been injected with 2 0^s pcDNAl 
precipitated onto 1 .0 gold particles. 

2.4. Samples 

All turkeys were daily observed for clinical signs. Nasal and cloacal swabs were taken every other day 
TlS?^ ' "^^'^ collected for the detection of anti-MOMP specific antibodies immediately prior to 
each DNA moculation, immediately prior to the experimental infection and at 8 and 18 days after the 
challenge infection. Blood samples were stored overnight at room temperature, centrifuged (325 lo 
mm, 4 C) and afterwards serum was collected and frozen at -20°C until tested. At the time of 
euthanasia, 18 days postchallenge, proliferative responses in peripheral blood lymphocytes were 
exammed All euthanised turkeys were examined for macroscopic lesions. Cryostat tissue sections of the 
abdominal and thoracic airsacs, the lungs, the pericardium, the spleen and the liver were examined for 
the presence of chlamydia antigen. 

2.5. Chlamydia isolation 

Nasal and cloacal swabs were examined for the presence of viable chlamydiae by isolation in BGM 
cells, as previously described [17]. The number of BGM cells with chlamydial inclusions was counted in 
five ad random selected microscopic fields (500x). For each individual turkey, the excretion was ranging 
from score - to +++. Score - indicated no antigen present. Score +, ++ and +++ were given when a mean 
ot 1-5, 5-10 and more than 10 inclusion positive cells per field were present, respectively. Cloacal and 
nasal shedding in the placebo-vaccinated control group and in pcDNAl/MOMP vaccinated groups are 
presented as mean scoresistandard deviation in cultures of individual turkeys. 

2.6. Direct immunofluorescence staining 

Cryostat tissue sections were examined by the IMAGEN direct immunofluorescence staining as 
previously described [17] (Novo Nordisk Diagnostics, Cambridge, UK). The number of cellswith 
chlamydial inclusions was counted in five ad random selected microscopic fields (SOOx) The results are 
presented as a score ranging from - to +++. Score - indicated no antigen present. Score +, ++ and +++ 
were given when a mean of 1-5, 5-10 and more than 10 inclusion positive cells per field, respectively, 
were present. 

2.7. Antibody responses 

Enzyme-linked immunosorbent assays (ELISA's) were performed on turkey sera being prefreated with 
kaolin to remove background activity. Anti-MOMP antibody titres and anti-MOMP antibody isotypes 
were determined by ELISA as previously described [19, 20 and 21] . ^ j-f 

2.8. Lymphocyte proliferative responses 

Peripheral blood leukocytes (PBL) were isolated from heparinised-blood samples obtained by 
venipuncture from each turkey of groups 1-8, at 18 days after challenge. Macrophage-like adherent cells 
were amoved from cell suspensions by treatment of heparinised-blood with carbonyl iron powder as 
descnbed by Sjoberg et al. [22]. Subsequently, turkey PBL were isolated over a lymphoprep density 
gradient (Life Technologies) and most remaining macrophages were removed by adherence to 
plasma-coated polystyrene culture plates. PBL responses to chlamydia rMOMP were measured as 
previously described [21]. 
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2.9. Statistics 

The two-tailed Student r-test was employed for all statistical analyses. Results were considered 
significantly different at the level of P<0.05. 

3. Results 

3.1. Protection against C. psittaci challenge 

Following two inoculations with pcDNAl/MOMP or pcDNAl, SPF turkeys were challenged with a very 
high expenmental infective dose of the homologous chlamydia strain. Severe clinical signs and lesions 
were only observed in placebo-vaccinated challenged control turkeys (group 7) and in groups 3 and 6 
both vaccinated with pcDNAl/MOMP coated onto 1 .6 ^ gold particles. All turkeys in these three 
groups showed depression, anorexia, conjunctivitis, head shaking, respiratory distress and diarrhoea At 
necropsy, conjunctivitis, rhinitis, sinusitis, pneumonia, diffuse fibrinous airsacculitis, sero-fibrinous to 
fibnnous adhesive pencarditis, hepatosplenomegaly and congestion of the kidneys were observed In two 
out of five turkeys vaccinated with 1.0 ^g pcDNAl/MOMP coated onto 1.0 ^ gold particles (group 2) 
only conjunctivitis, head shaking and respiratory distress were observed. Necropsy findings in these two 
turkeys included conjunctivitis, rhinitis, sinusitis, pneumonia, bilateral focal fibrinous airsacculitis 
hepatosplenomegaly and congestion of the kidneys. The three remaining turkeys of group 2 showed only 
head shaking and revealed only one or two small fibrin cloths unilaterally in the abdominal airsacs 
Turkeys vaccinated with 1 or 2 /^g DNA coated onto 0.6 gold particles (groups 1 and 4, respectively) 
and turkeys vaccinated with 2.0 /^g DNA coated onto 1 .0 ^ gold particles (group 5) showed no clinical 
signs. The abdominal airsacs of all these turkeys revealed unilaterally one or two small fibrin cloths No 
further lesions were observed in these three groups. 

Results of the cloacal or nasal cultures obtained at two-daily intervals during 18 days following 
challenge are shown in lablej. and Table 2, respectively. A significant level of protection was observed 
m all turkeys of groups 1, 4 and 5. Turkeys of these three groups showed no cloacal shedding during the 
18 days of observation. All placebo-vaccinated challenged control turkeys (group 7), all turkeys of 
groups 3 and 6, and 40% (2 of 5) of the turkeys of group 2 had positive cloacal cultures during the 18 
days of observation. All control turkeys as well as all vaccinated turkeys excreted chlamydia nasally. 
However, the penod of shedding was significantly shorter in turkeys of groups 1, 4 and 5. In the latter 
groups, nasal excretion was no longer observed than 6 days postchallenge, while at 18 days 
postchallenge 66% (4 of 6) of the control turkeys, 40% (2 of 5) of the turkeys of group 2 and 60% (3 of 
5) of the turkeys of groups 3 and 6, still excreted chlamydia nasally. All the turkeys in the 
sham-immunised, nonchallenged group remained chlamydia negative throughout the experiment. 



Table 1. Results of cloacal cultures of placebo-vaccinated controls and ofpcDNAl/MOMP vaccinated turkevs 
after challenge 



=:*£J(21K) 



Table 2. Results of nasal cultures of placebo-vaccinated controls and of pcDNAl/MOMP vaccinated turkevs 
after c hallenge •' 

IMJ (23K) 
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Immunofluorescence staining of tissues of the control turkeys (group 7), euthanised 18 days 
postchallenge revealed strong chlamydia replication in air sacs, lungs and liver and weak replication in 
pencardium and spleen (Table 3 and Table 4 ). Regarding chlamydia replication, there were significant 
differences m protection provided by the different gene gun-based immunisation methods. The best 
protection occurred in groups 1, 4 and 5. 



Table 3. Chlamydia replication in tissues of placebo-vaccinated turkeys and turkeys vaccinated with 1 /^g 
pcDNAl/MOMP, 18 days postchallenge determined by direct immunofluorescence staining - means no 
antigen present, + an average of 1-5 inclusion positive cells, ++ an average of 5-10 inclusion positive cells and 
+++an average of more than 10 inclusion positive cells 



(9K) 



Table 4. Chlamydia replication in tissues of turkeys vaccinated with if^g pcDNAl/MOMP 18 days 
postchallenge determined by direct immunofluorescence staining. - means no antigen present, + an average of 
1-5 mclusion positive cells, ++ an average of 5-10 inclusion positive cells and +++ an average of more than 10 
inclusion positive cells 
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3.2. Antibody responses 

Three weeks following the first immunisation with pcDNAl/MOMP anti-MOMP serum antibodies were 
ooserved in all turkeys of group 5, and in 2 of 5 turkeys of groups 1, 2 and 4 (Table 5 and Table 6 ) 
Followmg the second immunisation anti-MOMP antibodies also appeared in the three remaining 
seronegative turkeys of groups 1, 2 and 4. At that time, anti-MOMP antibody litres were not detected in 
the turkeys immunised by use of 1 .6 /%i gold beads. The antibody responses as determined in an ELISA 
with homologous rMOMP were however weak. Following challenge, all control turkeys, as well as all 
turkeys of groups 3 and 6, displayed an antibody response. Protection, as determined by chlamydia 
isolation from cloacal and nasal swabs and by antigen detection in tissues, occurred in all vaccinated 
hu-keys, except for 2 turkeys of group 2. However, the best protection occurred in turkeys which had not 
displayed a secondary antibody response upon challenge. All placebo-vaccinated noninfected turkeys of 
group 8 showed undetectable anti-MOMP antibody activity in the lowest serum dilution (1/32) used 



Table 5. MOMP-specific antibody titres following DNA vaccination (l^g DNA) and subsequent challenge 
wath the homologous C. psittaci strain. Prevac, bleed at haching, before DNA vaccination- PPV 
postpnmovaccmation; PBV, postboostervaccination; PC, postchallenge; < no antibodies detected at used 
serum dilution (1/32) 



(6K) 



Table 6. MOMP-specific antibody titres following DNA vaccination (2 t^g DNA) and subsequent challenge 
with the homologous C psittaci strain. Prevac, bleed at haching, before DNA vaccination- PPV 
postpnmovaccmation; PBV, postboostervaccination; PC, postchallenge; < no antibodies detected at used 
serum dilution (1/32) 
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The gene gun immunisation method induced low IgM, IgG and IgA responses ( Fig. 1 ). Indeed, 14 days 
after the second DNA inoculation (35 days PPV), all vaccinated turkeys of groups 1, 4 and 5 ^d 3 on 5 
turkeys of group 2 showed for ail isotypes low mean O.D. values of 0.2 to 0.3, respectively, above those 
of sera of turkeys immunised with the control plasmid. Eighteen days after challenge (53 days PPV), 
these marginal IgM, IgG and IgA levels had increased, with IgG dominating the immune response. ' 
However, mcreased levels of IgG were not significantly correlated with higher levels of protection. In 
placebo-vaccmated turkeys the IgM, IgG and IgA antibody levels following infection were identical to 
those of immunised groups 3 and 6, i.e. the groups with no protection ( Fig. 1 ). 




11 (35K) 



Fig. 1. 



3.3. Antigen-specific lymphocyte proliferation 

Proliferative responses to rMOMP of peripheral blood lymphocytes (PBL) of pcDNAl/MOMP or 
pcDNAl immunised control turkeys were determined 18 days following the challenge with the 
homologous chlamydia strain. The PBL of control turkeys (group 7) and of pcDNAl/MOMP immunised 
turkeys of groups 3 and 6, displayed comparable low proliferative responses. All other immunised 
turkeys displayed significant higher proliferative responses (Table 7 ) when compared to the PBL of the 
controls, with similar proliferative responses in groups with the highest degree of protection (groups 1, 4 
and 5). The PBL responses of challenged controls were comparable to responses of nonchallenged 
controls. 



Proliferative response of peripheral blood lymphocytes of immunized or nonimmunized turkeys to 
rMOM P day 18 postchallenge 



mi 



(9K) 



4. Discussion 



In the present study, the eukaryotic expression vector pcDNAl/MOMP, encoding the major outer 
membrane protein of an avian C. psittaci serovar A strain, was used to asses the potential of 
DNA-mediated immunisation of turkeys against challenge with the homologous chlamydia strain The 
efficacy of gene gun delivery of plasmid DNA-coated gold particles to the skin was evaluated. The gen 
gun vaccmation method reflects efficient biolistic transfection together with efficient antigen 
presentation by cells of the birds skin associated lymphoid tissue (Langerhans cells). 
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A significant level of protection was only achieved in turkeys immunised with 1 or 2 plasmid DNA 
coated onto 0.6 /%i gold beads (groups 1 and 4) and in turkeys immunised with 2 ^g plasmid DNA 
coated onto 1.0 Ihn gold beads (group 5). However, in these three groups, chlamydiae could still 
replicate in epithelial cells and macrophages of the respiratory tract, resulting in positive nasal culture for 
6 days after challenge. Possibly, the protection level at the respiratory tract would have been higher if we 
had chosen a less severe challenge. Notwithstanding the severe challenge used, replication outside the 
respiratory tract was only observed in 1 out of 15 turkeys of groups 1, 4 and 5. By contrast, in all turkeys 
vaccinated by use of 1.6 /%i gold beads (groups 3 and 6), and in all control turkeys, chlamydiae 
replicated intensively outside the respiratory tract, resulting in positive cloacal cultures throughout the 
observation period. Chlamydia replication in the pericardium of 1 turkey vaccinated by use of 0.6 fhn 
gold beads (group 4) might be due to the close contact with the surrounding infected airsacs, rather than 
by septicaemia, as replication was not observed in liver nor spleen and because all cloacal cultures 
remained negative throughout the observation period. 

Gene gun delivery of pcDNAl/MOMP primed both T-helper and B-cell memory although 
rMOMP-expressing cells did not induce high-titre antibody responses. Evidence for the mobilisation of 
B-cell memory in response to challenge was found in gene gun vaccinated turkeys of groups 1, 4 and 5, 
as IgG levels where significantly higher than IgM levels. Evidence for the mobilisation of T-cell memory 
in response to challenge was found in all turkeys vaccinated by use of 0.6 or 1 .0 ^ gold beads as shown 
by the significantly increased PBL proliferative responses following challenge when compared to 
placebo- vaccinated control turkeys and to groups 3 and 6. 

Gene gun delivery of DNA coated on 0.6 or 1 .0 A%i gold beads to the birds skin was a very efficient 
immunisation method. The use of 1.6 /% gold beads had no effects. The smaller the beads, the more 
beads/mg. Therefore, when small beads are used more cells can become transfected. Furthermore, the 
large beads probably penetrate into the deeper dermal layer, while the small beads were accelerated into 
the epidermal layer being rich in antigen presenting cells. In the present study, protection levels 
correlated well with antibody levels and antigen-specific cell proliferation. Tliis is at apparent similarity 
with earlier studies comparing different DNA inoculation methods [14]. Therefore, the Helios® Gene 
Gun system obviously represents a very efficient transfection method. When the birds skin is transfected, 
DNA expressing antigens become most likely subject to immune surveillance by Langerhans cells 
present in the birds skin. Like in mammals these act as antigen presenting cells (dendritic cells) that are 
capable of presenting DNA expressed antigens to the spleen, where antigen-loaded antigen-presenting 
cells can activate naive T cells. 
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